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b PREFACE

‘:'.' This Chapter contains the Proceedings of Workshop XV of the COSPAR meetings
-f“"j held at Toulouse, France during 30 June - 12 July 1986. The Workshop title was
:::’ Presentation of CIRA' 1986 and Comparisons with Other Models, Data and Theories.
.‘" The Workshop was divided into three sessions. The first session was primarily
.: concerned with middle atmosphere models and data. There were introductory
:"_-:: papers on atmospheric structure and its variations in the middle atmosphere.
; 'f,\._ Presentations during this session included a discussion of the contribution of
B N satellite temperature data to the development of middle atmosphere models and a
‘at determination of the variability of atmosphecic propecties abtained from analy-
, ::} sis of rocketsonde data. Analysis of Meteorological Rocket Network temperature
\:::: and wind data yielded the amplitudes and phases of their annual and semiannual
‘\v'_,..: variations. Another paper showed a 6K temperature increase at the 30 mb level
..2 | (about 24 km altitude) as a result of increased heating due to dust injected
N into the atmosphere by the El Chicon volcanic eruption. Monthly mean tempera-
; : ture profiles for high latitude winter were compared with the corresponding
E. "i profiles from the preliminary CIRA. A new set of ozone reference models was
presented and also a proposed international reference tropical atmosphere.
:33:1 The second session of the Workshop was concerned with properties of the
E:.;:: upper middle atmosphere. The first paper contained preliminary structure models
LN for the 80 to 120 km altitude range. They linked to lower altitude models but
il e [
not to ary thermospheric models., A unique set of data obtained f{rom instruments-n For
on-board shuttle during reentry was presented. In a number of flights large -7 - ﬁ
density changes and fluctuations were observed above 70 km altitude. A major
analysis of wind data from the Global Radar Network yielded mean zonal and s J
meridional winds for altitudes from 75 to 110 km. Important differences were 7
found when these winds were compared with geostrophic winds derived from rocket - y
and satellite data. Possible explanations were presented. In another study, 1
4

winds at these altitudes wete analyzed for long period oscillations, with

*COSPAR International Reference Atmospheres
(10)52
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B
B M periods ranging from two to twenty days. Planetary and gravity waves contribute
\
+

to the variability of middle atmosphere properties. This was demonstrated by

-
'w

-' the improved understanding of the spatial and temporal variability of wave

[N ) fields that has resulted from recent radar and satellite studies. A review was
. ptesented on the present state of knowledge of turbulence in the upper middle

K N atmosphere. An empirical global zonal mean wind and temperature model was

developed from meteor radar and partial reflection drift data for the 70-110 km

altitude region.

S I

", . The third session covered thermospheric models and data. The session
started with a paper on a theoretical general circulation thermospheric model
for CIRA. This was followed by a presentation of an empirical model, MSIS 86
(Mass Spectrometer and Inccherent Scatter). A detailed analysis of high lati-
o tude rocket mass spectrometer data showed areas of agreement and of differences
with existing thermospheric models. A number of papers presented results of
measurements of thermospheric temperatures and winds using different techniques.
These techniques included satellite in situ measurements, satellite optical

remote sensing, and ground-based incoherent scatter and optical measurements.

Other topics covered in the session included semi-annual density variations,
changes in thermospheric density caused by turbopause height variations, effects

of thermospheric storms, and the investigation of solar extreme ultraviolet,

calcium plage and infrared emission as possible alternatives to the 10.7 cm flux

as the primary index of solar activity.

K. S. W. CHAMPION
AFGL/LY

HANSCOM AFB, MA

U.S.A.
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STANDARD DEVIATIONS OF
METEOROLOGICAL PARAMETERS IN THE
MIDDLE ATMOSPHERE, AS REVEALED BY
ROCKETSONDE DATA

S. 8. Gaigerov, Yu. P. Koshelkov, D. A. Tarasenko, V. V. Fedorov
and E. N. Kovshova

Central Aerclogical Observatory of the State Committee of the U.S.S.R. for

Hydrometeorology and Control of Natural Environment, 123376 Moscow,
USSR

Standard deviation (@ ) is a parameter commonly used to characterize atmos-
pheric variability within a month., Some results on temperature (éi;) and
zonal wind (Cz) Variability were obtained by Barnett (1974) ,Hirota et al
(1983) ,Hopkings (1975) ,Khanevskaya (1968),Knittel (1976), Koshelkov (1980,
1983,1984) ,Voskresensky and Sveshnikov (1980), etc. Typical values of stan-
dard deviations based on rocketsonde information are presented in tables
1-4 for some stations. It should be noted that contributions of observatio-
nal errors into the total variance have not been considered,hence the va-

lues of the standard deviations in tables 1-4 should be greater than resl
atmospheric values of the deviations.

General increase of with height is observed which is in accordance with
the analysis of aerological data for the polar stratosphere (Khanevskaya,
19683 Voskresensky and Sveshnikov,1980). It should be stressed, however,
that the magnitude of errors of rocketsonde observations generally also
tends to increase with height (Lysenko et al, 1982} Schmidlin et al, 1980),
and sometimes reveals a maximum near the 50 km - height as is the case for
the Soviet chute wind measurements.Besides this, observational techniques

may change above 60 km. So the vertical distribution of

requires further
investigation.

That a rapid growth of variability from summer to winter occurs,is confirmed.
It should be remembered that the relative contribution of errors of obser-

vations into the total variance is greater in summer than in winter.Values
of

shown in tables 1 and 2 for the summer-time are close to accuracy asti-
mates of the rocketsonde measurements (particularly for the Soviet sites),
i.e, real atmospheric variability in summer is much lower than that shown

in the tables, and seasonal changes of real ® are greater than those calcu-
lated from the tables,

The scasonal variation in the Antarctic lower and middle stratosphere re-
veals some specific features, with a maximum of & falling not in winter
(as is usually observed) but in the spring season. Differences in the time

Iase 7:10-t (10)s?7
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of cccurrence of seasonal maxiuum of & in the Antarctic and Arctic are
undoubtedly related to the nature and occurence of strautospheric warwings
{n these reglions.

Hewispheric asyawetries are revealed in the variubility of meteorologicul
puraweters in winter when it is greater in the ctratospliere of the northern
hewispnere than in the southern heuwisgpere. %0, in vwinter, ditferences in
6r Letween Volgograd and Kerguelcn.ZQ(or betwoeen Heivs Is. wnd kulodezhnaya)
in the 50 to 50 ku layer are sipnificant at the 0,05-0,01 levuls uccording
to the F -test (Panofsky and Brier, 1972), Similar significance or the he-
mispheric asymwnetry in variance is observed in winter in the case of zonal
wind, with greater values of @ in the southern thuan in the nortiern he-
wisyphere up to the 60 lkm level (hewispheric diffrerences could not be unu-
lysed above that level). In spring, howevar,éi andéi ure greater at Lolo-
dezhinuys than at high northern latitudesy a siwilar hemigpheric effect has
teen round by Hirota et al (1lYb%) from satellite raudiance data. In summer
and autumn, aitrsrences between the hemispheres are swaller,.

Values of & at the tropicel sites are comparable to those obtained during
swuwler in higher latitudes and are much lower than the latter during wintor

and spring. Seasonal variations of & in the tropics are lecs pronounced
than those outside the tropical zone. For 6, , wuximas in the upper strutos-
Phere usually coincide with periods of easterlies (in the beginuing and

the widdle or the yeur (Hopkings, 1975; Koshelkov, 1986%), while scusonal
trends of é%.nued to be further exauined,
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Standard Deviations of Meteorological Parumeters [RIUN]

TABLE 1 Standard Deviations of Temperature (K)

The Number of Temperature Measurements 1s Shown for
Level 50 km in Brackets)
Hight(km) Helss Is. Volgograd
I 1Y m X I Iy Y X
80 20.5 11,0 10,0 14.8 14.4 13.2 10.7 10,7
70 21,0 10.7 8.0 12,7 12,8 7.6 10.0 9.2
60 17.9 10,0 5.9 11.2 10,7 7.1 6.8 8.9
o0 15.9 9.2 3.9 9,5 9.2 9.2 3.6 6.5
40 16.7 7.2 3.8 9.2 13.6 5.8 3.0 4,7
30 10.5 7.0 2.6 5.6 11.4 4,5 2.8 1.5
(324) (310) (284) (298) (3I8)  (305) (279) (93)
Molodezhnaya Thumba
818] 9.8 9.0 13.5 7.6 I1.9 I1.I 7.7 7.2
70 8.7 11,7 19,9 9.3 10.6 6.9 10.3 6.8
60 7.4 12,7 16.2 8.0 7.2 6.1 7.9 7.3
o0 142 8.1 II.3 8.8 5.3 3.3 4,7 3.7
40 3.4 7.9 10.3 11,0 5,2 4.4 6.0 4,1
30 3.0 6.0 8.4 8.4 4,0 3.4 3.4 3.4
(R49) (236) (210) (224) (20 (187) (Iol) (175)
Thule Primrose Lake
60 9.0 4,2 3.5 5.8 7.6 5.5 3.2 5.2
o0 8.7 3.6 2.8 I1.8 11,7 3.5 2.0 6.5
40 12.6 3.6 3.5 8.6 6.0 5,1 1.0 7.1
30 6.0 2.2 2.0 4,0 4,7 3.0 1.4 4.8
(243) (229) (203) (217 (223) (209) (184) (197)
Wallops Is. dscension Is.
80 16.0 16,0 7.0 8.0 6.1 8.1 10.8 8.1
70 9.3 9.8 11.8 8.4 4.8 7.3 6.3 7.3
60 7.7 5.0 6,2 6.5 4.2 4,0 5.0 4.8
50 6.7 3.7 3.9 4,0 5.0 3.3 3.7 3.2
40 7.6 3.7 3.5 6.3 5.2 4.0 5.6 4.4
30 6,2 3.5 1.7 2.8 2.2 2.2 4,2 4,0
(667)  (654) (628)  (642) (507) (492)  (467)  (480)
TABLE 2 Standard Deviations of Zonal Wind (Numerator)
and Meridional Wind (Denominator) {(m/s)
z_x)ﬁh‘ Heiss Is. Volgograd
I 1y ym X I 1y 40 X
80 13,0 17,7 4,6 17.2 16,6 17,5 5,3 2,6
19.8 19.9 4.0 7.2 28,0 19.6 14,6 24,4
7 198 7.9 7,8 10,2 16,7 14,3 14,7 9.2
24,8 14.6 4.9 16.8 18,0 9,2 3.5 .0
wa__ NN i "'J'.f"{".-':.r,',:f;;.rl:-".;n:f.;--‘,'_-‘;:i': ol
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Ris TaBLE 2 Continuation

‘, Hel-ht heiss Is, Volgograd

o ‘ G~ 1 Iy vl X I Iy X
.;Z : 0 35,3 I5.4 8,5 22,7 3%I II,4a 8.0 I18.3
o ‘ 7.0 Is5 15,2 23,9 20,7 la. 6.0 14,6
: 50 4.7 19.7 17.3  15.6 44,4 I17.4 14,5  20.6
R, : 40,6 19,3 15,0 23,5 26,3 16,4 15,2 17.1
)

) ' 0 34,9 91 45 9.7 33.5 12,2 14.8 18.1
oy 39.7 12,7 6.3 15,7 3.8 7.9 4.2 10,9
v 3 23.2 6.9 3.3 £.8 21,1 15,3 3.4 9.6
2 e, 8.6 3.6 7.9 1,1 7.5 2.9 O
'y

N

N uolodezhnaya Thumba

"

l'

"N I 1y v X I Iy : X
: g0 17.7  29.2  25.8 10,5 17,0 II,2 13,1 20,9
> 10,6 19.5 17,7  1l.4 1u.. 4.7 5.4 2.6
d

e "0 8.4 16,0 28.6 16.9 24,6 12,1 17,3  20.6
L 7.5 18,0 IS8 Id.l s 13,1 10,1 9.3
1Y e ®

* g0 13.0 I8l 246 217 20,0 11,7 I I4.5
=y 5.4 16,8 23,5 11,0 13.0 10,2 £.2 9,9
‘l

95 g 18 187 20,1 26,7 233 198 20,0 180
o 5.7 21.8 14,9  23.4 21,9 14, 13.6 14,2
Y

o s 58 142 21,3 22,2 15,9 14.3 15,4 1.1
) 6.5 135  I53 9. 7.3 1.5 5.9 6,9
3 30 4?7 106 14,0 222 18,5 161 142 13,0
J~ 308 '/ob IO.2 25.‘1 5.9 ‘1.2 4.:) 2.4
f‘

J.l

Y Thulea Primrose Lake

] €0 34 137 6.3 I7.9 3L.I 20,3 10,4 19.9
s 34,1 8.2 5.6 23,9 17,0 1.5 I2.4 19,3
g-\: 50 39.9 12.6 4.7 155 42,3 16,4 14,0 I14.2
R~ 2.3 7.6 3.2 22,4 28,9 6.5 . 11,0
3_ 40 28,7 8.5 4.8 9.4 29.3 13,2 . 1.1
e 37,7 8.2  R.0 23,9 27.3 6.0 3. 10,8
i 0 28,8 2,0 2.6 _7.5 26,8 9.0 3.6 7.3
,5;: 23,7 8. 2,2 22.2 2.2 5,6 1,7 w1l
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Standard Deviations of Meteorological Parameters

(thel

TABLE 2 Continuation
Height{km) Wallops Is. Ascension Is,
1 1Y Y X I Iy N X
80 29,0 18,2 18.5 30,0 20,0 35.0 12.0 35.0
27.0 31.6 9.0 20,2 7.5 16,0 _1.0 6.0
70 30,4 16,1 14,4 24.6 20,0 15.0 IT.0 23.0
18,2 9.2 3.5 6.0 7.5 18,0 15.8 14,1
60 28,7 19,2 15,3 24,2 I7.2 13.5 16,9 10,6
16,2 10.1 11,7 10.6 16.3 10.0 II.2 g.4
50 32,8 16.6 10.6 23.7 27,4 8.4 16.7 10.6
19,5 6 6.5 8.9 9.6 7.1 7.1 7.3
40 29,7 14 6.6 17.4 10,6 16,3 14.4 13.5
16,0 6 3,7 8.4 7.2 5.5 5.2 9.3
30 18.4 2.4 3.7 10.5 14.6 17,3 14,5 14,9
11,1 4 2,0 6.6 4.1 3.0 3.3 3.9
TABLE 3 Standard Deviations of Pressure (Jég--ﬂ29)
(P - loan Pressure in Present Month)
Height Heiss Is. Volgograd Molodezhnaya Thumta
I Iy ¥y X I Iy X I Iy v X I Iyy X
80 32 20 22 17 I9 14 I3 24 14 25 24 I8 I7 8 II 17
70 20 I8 10 13 I6 15 10 I?7 I3 23 I7 18 1115 17 9
60 Is I 8 I1I I5 Io 5 I3 7 16 I4 I3 7 5 6 5
50 Ig Iz 6 I I5 7 4 9 5 I3 13 9 4 3 7 6
40 g 9 4 9 II 6 3 8 3 10 II II 33 5 4
30 13 7 2 5 8 4 2 5 2 7 7 10 22 4 2
Thule Prinrose Lake Wallops Is. Ascension Ic.
80 10 I0 Io IO 922 22 11
7C 9 12 @ I2 9 &8 I4 I0
€0 2 I o5 I7 II 6 3 1I 7 8 06 10 56 7 5
50 21 9 5 I2 II oS5 3 10 5 6 10 7 3 3 & 4
40 2 5 3 7 9 3 2 7 4 5 3 O 2 2 3 3
39 6 4 1 3 6 2 1 3 3 3 2 3 11 1 2
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TABLE 4 Standard Deviations of Density (==. /00 )

“Ig (P - Mean Density in Present Mopth)
K Hoigsht(km) Heiss Is, Volpgograd Molodezhnaya Thunba
o I Iy ymx I Iy yu x I Iy yi x I Iy i X
Y _ 80 B 2 19 I5 22 14 16 21 9 26 23 27 17 3 23 30
K 0 I8 18 9 I2 17 14 615 10 I9 16 16 9 8 12 9
' 0 2 15 813 17 9 5 1II 6 151410 6 5 8 9
> 50 19911 5 I 14 7 2 9 411 1311 4 3 7 5
S 0 I8 9 3 8 10 5 2 7 3 9 9 I3 3 & 5 4
2 . 30 9 6 2 4 7 4 I 4 2 5 610 3 5 3 3
* Thule Primrose Lake Wallops Is. Ascension Is.
A &0 I3 11 I1 I2 16 25 12 1I2
o 70 9 8 8 I0 8 7 I0 9
- 60 25 12 414 12 6 310 6 6 4 7 5 4 5 &
-:_f 0 2 8 4 B II 4 2 8 5 5 3 6 3 3 3 3
' W 0 4 2 5 B8 3 2 4 5 4 2 4 2 2 2 o
L 3 2 3 2 3 5 2 1 2 2 2 1 2 1 2 2 1
.
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COMPARISON OF MIDDLE ATMOSPHERIC
DATA OBTAINED BY CHINESE ROCKETS
WITH THE DRATFT OF THE NEW CIRA

1. C. Zhuang, G. Q. Zao, J. H. Tian, R. P. Maand Y. . Wy

Instituee of Space Physics, Academia Sinica, P.R.C.

Two methods of oxslorntion of the middle atmosphere by meteorolo-gical
rockets are wused in china: The rocketsonde parachute method for
altitudes between 20 and 60 km and the inflatable falling sphere
method for 3080 km. The data from Chinese rocket measurements at Lwo
launching sites, Gansu ( 40°N ) and Yunnan ( 24°N ), after 1974 are
analysed  and comggred with the draft of CIRA1986. The data were
usually obtained between altitudes of 20 and 60 kim. Fig.l shows the
altitude ranges of the measurements in 1979 for examples.

Alt. (k=)

» + ______ wind measurements

il .
: SN

teaperature measureseats

»r

ot Date{hours)
O D ) ) . . n ) — 0

we e TL] e e Mo 288 238 »ne g e

Pigure ). Altitude ranqe- of the Chinese rocket measureaments in
Deceaber, 1979,

COMPARISON WITH THE DRAFT OF NEW MODEL CIRA1986

Glohal mean middle atmospheric temperatures given by the draft of
CIRA1986 consists of three components :@: =zonal mean To, wave number
one and two of planctary waves.

T=T, + T.COSCXN - &,) + T,COSC 2N~ &,)

where T, and T, are wave number one and two amplitudes, ¢, and o, arc
wave number one and two phases, and x is longitude (deg. E). We
compared the measured temperature profiles obtained by the Chinese
rockets with the new model mean temperature calculated by the above
equation. The results are shown in Figure 2 for May, June, July and
December. The right half of each panel of the figures is the differ-
ence between the Chinese rochet data and the draft of CIRAL98b.
Please notice the difference of the scales of abscissas between the
two halves. From the figures we can sec that: 1.the data from the
Chinese rockets are around the profiles of the new CIRA. It is accept-
sble to use the new CIRA as the mean middle atmosphere above the
rocket sites of China. 2. The differences of Chinese rocket data ot
temperatures from the new model are mostly within +5 C,and occasional-
Iy over 10 C. 3. The fluctuation deviations are obviously not measure-
ment errors of rockets, but an evidence of the existence of gravity
waves of various wavelengths., Because of the international comparison
of rocketsondes from different countries being agreed within 5 C, we
therefore have the confidence that the accuracy of Chinese rocket
measurements is close to the other countries. ’
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Although the
duta of Chinese
rocket measure-
ments are sparse
and not enouph
to anulyse the
annual variation
of the atmosphe-
ric winds, the
wind directions
measured by the
Chinese rockels
still show the
seasonal charac—
teristics clear-
ly (see Fig. 3):
west winds domi-
nate in December
east winds in
June and July.
For wind direc-
tions weasured
in May at Gansu
station, it is
east wind on
20th and 30th
but still west
wind on 13th and
below 45 ki
Therefore, we
can say that the
spring reversal
of middle atmo-
spheric winds
above Gansu sta-
tion appears in
the first halt
of May. From the
Chinese rocket
data, we could
always see Lhe
gruv1Ly waves
clearly (Figures
2 & 3 ). Accord-
ing to the defi-
nition given by
the draft of
CIRA1986, mean
values of gravi-
Ly wave intensi-
ties from Chi-
nese rocket data
averaged for
euch month and
each station are
shown in LFigure
4 together with
the estimate of
the stundard
deviation around
the monthly mean
denoted by
vertical buars in
the figure ). In
the flgure. Ma{
June and y
are for the
station of 40°N,
but December is
for the station
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b ITRA in Figure 2 d), from which we
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*ﬂh : CONCLUDING REMARKS
s From the cowparison of the data
AW obtained by the Chinese rocket uea-
D, : surements with _ the draft of
ol Claal98b, we will come to souwe or
Sy conclusive concepts: " O
ay N . . !
0 1. The altitude profiles of the .
Bl middle atmospheric temperature mea-
' ) . sured by chinese meteorological ro- »
% ' ckets are fluctuuting around the u
J# : basic global tewperature construc-— "
S i tions given by the draft of CIRA1986,
‘*,# : the agreement is very good. lt shows “ ﬁﬁ
] . that the CIRAI986 "is a suitable ¢ 1
..lﬁ.‘. representative  for the mean situa— ’ q
- tion of the middle atmosphere ubove 7 ﬁ
our countrr. In the mean time, it . %
N is shown that the accuracy and reso- '
b lution of Chinese rocket wessure- 5
A wents are at the same level as those .
!l:J of other countries. )
b4 .
NN 2. The wind data from Chinese : %
v rockets show clearly the  seasonal !
P characteristics! the east winds pre-
QAR vail in summer and west winds in v 15 s 11
yout | winter, the wind reversal in spring N IR e
3 ! above the 40°N station is in the T S N E S R S BT TR
o | first half of May. Gassty mes assaeniie 1 s
P- ' R S XTI S
R 3. The order of magnitudes and the
s trends of gravxtr wave intensi-ties
{ are similar with those in the draft
oS of new CIRA.
Y
L)

557

4. The tropical model proposed by the new model is_ commonly higher

‘?ﬁﬁ than the global model in the altitude region of 45-60 km and also
:eﬁ higher than the temgeruture profiles weasured by Chinese rockets at

“': the Yunnan station of 24"N.
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COMPARISON OF TIME-PERIODIC
VARIATIONS IN TEMPERATURE AND WIND
FROM METEROLOGICAL ROCKETS AND
SATELLITES

A. D. Belmomt

Control Data, P.O. Box 1249, Minneapolis, MN 55440, U.S. A

ABSTRACT

Although the Meteorological Rocket Network operated by or in cooperation
with the United States has decreased from fourteen to nine stations since
1979, there have been many observations accumulated in the ycars since
CIRA 1972 was prepared with data up to 1969. The mean, annual and
semiannual variations of temperature and wind are presented and compared
with the Oxford SCR-PMR five-year data set, the CDC-SCR seven-year dita,
and CIRA 1972 with respect to both temperature and zonal winds, as far as
presently available. The agreement among the data sets is generally very
good.

INTRODUCTION

The purpose of this paper is to review the available variability
statistics for temperature and wind in the region from 20 to 70 km to help
in the selection of the best information available for a revised CIRA.
There are many different data sources but they will be limited here to
those with at least five years of record. They will be intercompared with
respect to their means, and periodic time variations. The satellite data
woere not operational, real-time data, but were processed years after the
observations were made, taking account of all corrections that became
known in the interim. These three sets are:

variables Source Abbr. Instrument & Period of Racord

Oxford OXF Two years of SCR (1973-1974) plus three
years PMR (1975-1977)

cDhC SCR Seven years of SCR (April 1970-April

WDC-A MRN Meteorological rockets (MRMN) (19¢0-1982)

(T = temperature, H = geopotential altitude, W = wind)

An evaluation of the differences of these data sets will be reviewed here.

The atmosphere's variability extends over a wide range of time and space
scales including solar cycles, quasi-biennial, interannual, annual,
gemxannual and terannual periods and diurnal and semldxurnal tldeq, and
5y space Jcalcs of planetary waves, dgravity waves, and local turbulcence.
Hence, statistical estimates of these variations will vary with the
observational sampling rates in time and space and the total number of
observations. This summary will discuss only the means, and annual and
semiannual variations.

&

4 o0

LSS

CIRA 1972 /1/ contained no satellite data for the range 25 to 60 km.
Tables and graphs were based entirely on meteorological rocket data. In
revising CIRA it was agrced that both satellite and rocket data would be
examined and compared before deciding which data or combination of data
would suit the purpose most reliably at this time.
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Fach lostrument has its advantages and disadvantages. Satellite data,
Caken by a single instrument during the life of a given satellite, are
consistent with each other and observations are on a global scale.
Satellite radiometers, however, generally need to be recalibrated during
their litetimes because of degradation problems. Dowiward sensing
radioneters have relatively coarse vertical resolution of 10-20 km.
scanning radiometers provide excellent horizontal coverage but the SCR and
iR instruments, for which data sets are now available, provided orbital
plane data only, consisting of 13 and a frdction orbits a day sSeparated by
about 20 ot longltude. The orbits shift continually trom aay to day
returning to the same observation orbits at approximately two week
intervals., Data for fixed grids can be obtained by interpolation between
orpits on a daily basis. It is not possible to obtain tidal vartiations
trom o single orblting satellite.

For climatological purposes, variations are primarily required as a
runction of altitude, latitude, and time, although longitudinal variations
may also be important. Meteorological satellite temperature observations
have only been available since about 1970. The reduction ot the radlance
duta to provide tumperatures is generally done by one or two methods. The
tirst is the 1nversion of the Planck radiative equation which requires
cutlimates of the instrument's weighting function for each frequency
obuerved, and a good first guess of the temperature profile in advance.

[t should be stressed that the inversion technique does not provide a
unique solution, and that the first guess strongly Influences the final
result.,  Flrst guesses are commonly based on climatology derived from
mcteorological rocket and radiosonde data. The second technique 1s a
statistlcal approach which simply regresses observed radiances 1n several
channels against coilncidental rocket observations as close as possible in
space und time to the radiance observations. These statistics generally
produce reasonable results at those locations where there are adequate
ruchet observations. As will be seen below, this is not always possible.
The method, however, is simple and straightforward and involves tew
assumptions, but depends largely on an adequate sample to provide reliuable
regression coetficients.

tletcorological rocket data provide direct measurements of temperature and
wind as a tunction of altitude at a given place. Vertical resolution is

1 to 2 km. The main limitation is the paucity of rocket stations.
Unfortunately for scientificC users, rocket Sbservasion locations have been
grouped mainly in the latitude belt from 30~ to 40 N. North American
rocket obscrvations began about 1960, and the network gradually increased
to its maximum density about 1975, and thereafter declined rapidly over
Horth Amcrica lesing five stations from 1979-82. At present, there are no
operational stations in Horth AmsriCd norsn of 55 and only two remain

in the Southern Hemisphere, at 8 S and 688, although there are

Russian rocket-launching ships which are gradually accumulating
observations grouped by latitude and month /2/. A table of the available
rocket data used in this report is given in Table 1. It will be noticed
that most of the Northern Hemisphere stgtions used here are in North
Amcrica. ‘Phree Russian stations, at 80 N, 48 N, and 68 S, use the

M-100 instrument which appears not to be compatible above S0 km with the
sensors used in the North American rockets. Continuing efforts at
lnturcalibration have been made, but the necessary corrections to be
applicd to the past M-100 observations are apparently not available. The
curruction history changes in time, and it is difficult to learn whether
data provided by the World Data Center-A have been corrected and if so, by
lhow much, and whether this correction varied in time. A variety ot
sensors has also been used in Amerlcan rockets. A description of rocket
vrrors and intercallbration can he tound in /2,3/.

8o long as one depends upon satellite data for future requirements, there
will be a neced tor direct rocket measurements at a wide range ot latitudes
and throughout the year with which to verity and callbrate satellite data.

DATA
oxE

The Oxford satellite temperatures and derived heights and winds were
asuumbled from two years (1973-74) of radiances from the Selective Chopper
kadicueter plus three years (1975-77) trom the Pressure Modulator
Kadlumeter. A discussion of the data will be given in a following paper
Oof this session /S/. It should be¢ noted, however, that the PMKR instrument
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& retrieves temperatures up to near 85 km, and thus provides i1ntormation
! beyond the reach of standard meteorological rockets. This means that only
radiative equation inversions can be used to obtain temperatures with [HE.
»
- SCR
ol
‘X4 The SCR temperature data from CDC for the seven yecars (1970-1977) wore
f: obtained from radiances calibrated by Oxford, or by CDC with Oxford
calibration factors, and the use of a multiple non-linear reqrecssion
against rocket data. The regressions were done by winter and summcr
J seasons with April 1 and October 1 being the dividing dates. To acocunt
v for possible drifts in the radiances, the regressions were recompute !
& everv six months. The errors of rearession were acnerallv 2 to 4C
‘i estimated from five different, random, independent sets of rocket data,
VJ each set consisting of 15% of the total data available. As there are so
3 tew relliable rocket data in the Southern Hemisphere, the reqressions ior
P the Northern Hemisphere were applied to the Southern Hemisphere radiancen

six months later. This means that for any northern hemisphere winter
which experienced large sudden warmings, the regression coetficients may
/ be slightly different from true Southern Hemisphere winter LUC[Illen[,
L) where warmings are not as frequent or as intenge. To exter i the croo
i section downward from 30 to 20 km, north of ZOON, NMC radiosonde d1ta
were added to the altitude-latitude sections for the same dates.

. LRM

Only meteorological rocket network data as available from World Data
Center~A were used here. Unfortunately, despite very long delays 1n
processing rocket data at WDC-A, there is no real quality control of any
of the observations. It 1s assumed that each individual station, or its
processing center, carefully does this. Meteorological rocket data
received by teletype for operational use frequently contain serious errors
and are not recommended for any scientific purpose when there is time to
obtain more reliable data. Russian rocket data taken since 197% are not
avallable from WDC~A, so it Is doubly unfortunate that many North American
stations at high latitudes have been closed since 1977. This also

.. prevents the future use of rocket data to retrieve satellite tempecratures
:- at high latitudes.
i With respect to possible solar cycle influences above 50 km, the dates of
§ the establishment and the reduction of the rocket network were not
helpful. The major solar maximum of 1959, and the recent one ot 1980,
both occurred at a time when there were few rocket stations, especially at
high latitudes where any solar effect is likely to be strongest.
;{ Only stations with the most observations were used at a given latitude
>, where there were several to choose fraom (e.q. Thumba was not used).
' Stations with less than 150 observations were generally not used unless
3 there was no other station near that latitude; also if the distribution of
observations was not spread over the year, the station was not ured
(Can). It is highly recommended that meteorological rocket network
Y stations be distributed more evenly with respect to latitude, includinjy
4 the southern hemisphere.
‘a The influence of standing planetary waves introduces much irregularity
N when stations from all longitudes are combined onto a single cross
L section. Elimination of five Pacific region stations (Poker
Flat/Ft. Greely, Shemya, Ryori, Barking Sands, Kwajalein), despite the
many observations at the latter two stations, would have produced smoother
\ analyses. The five stations were analyzed separately from the continental
o stations and the altitude-latitude patterns were very similar although
|: absolute values differed due to planetary wave influence as shown 1in /5/.
'
': A further caveat in the interpretation of all rocket and satellite data is
' that there are no tidal corrections presently available although the
reqgion to which the data apply are known to have large tides. Tt is
possible that tidal estimates will become available in the near future
which can be applied to both past and tuture observations.
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) TABLE 1 _Rocketsonde Statjons Used
o~ Latitude Lopgjtude N Perjod of Record
(4 Heiss Island 80037'N 58003 'E 601 1957-75 * :
b Thule 76 33'N 6849'W 1199 1965-80 !
M poker Flat 65007 'N 147229'W 838 1972-79 :
) rort Greely b4 00'N 145 44 'W 1222 1960-72 ,
K Fort Churchill 58 44'N 93 49'W 2005 1960~79 l
, Priwrose Lake 54045‘N 110003'w 1238 1964-82 ‘
’ Shemya 52 43'N 174 J06'E 532 1974-42 i
~, valyograd 48 41'N 44,21'E 423 luGn=7y ,
o . Kyory 3902°'N 141750'E 175 1970-72, 79-82
Ot Wallops Island 37 50'N 7529 'W 2690 19G60~-82
o Pe. Mugu 34007'N 119007'w 3432 1960~82 j
o White Sands 32 23'N 106029'N 4098 19549-42
y Cape Kennedy 28027'N 80032'N 3792 19¢0-~82 .
barking Sands 22°02'N 159047'w 2580 1960-~82 '
. Srand Turk Island 21026'N 71009'w 223 1963-06 \
; Antigua 17.09'W 61 47'W 1319 1963~82 '
o, rort Sherman 09_20'N 79 59'W 1554 19¢6~7Y |
R KwaJaleln 08_44'N 167044'£ l668 1963~82
W Natal 05.55'S 35_10'W 78 1969-76 i
& Ascension Island 07059'5 14025'w 2316 1962~82 !
(e Woomera 30.56's 136031'8 96 19¢2~72
< Mar Chiguita 37045'S 57025 'W 58 1969-76
Molodecshnaya 67°40'S 45751'E 253 1969~75 *
_4' * Later data exist but unavailable from WDC=-A
'::' ANALYTICAL METHOD
A multiple linear regression is used to determine the amplitudes and

phuses of the periodic features in the biweekly averages of daily data,
sine and cosine function pairs are used to represent the annual,
semiannual, and terannual oscillations: a mean and trend are also

! !
3 2
t determined during the regression. The QBO is represented by two %
W cmpirically-determined time series of amplitudes derived from tropical i
h data. The method by which these series dre generated requires further
0y eluboration. '
.) The QBO is observed to have a continuously variable period and amplitude. ]
'f- For these reasons, the QBO signal in the tropical lower stratosphere was i
{; uscd to define a reference signal with variable period and amplitude trom i
0 cycle to cycle. This signal was then used in the regression6 A second
J f: time series ot equal variance which was orthogonal to and 90" out-of '
R, phase with the original QBO signal was created using a Hilbert transform.
,}Q This transformed signal was also used in the regression. The original QBO ,

returence signal was obtained from theozonal winds at 30 km alsitude trom

Fort Sherman (9.33°N), Kwajalein (8.73°N), and Ascension (7.98°S). !
Thirty-day means were obtained from each station, and the mean, trend, f
annual, sumiannual, and terannual signals were removed using the \
reyreusion technique. The residual means were then averaged over the |

Lok @

t

,st thruy stations to provide a cantinuous QBO record from late 1962 through
'“9 1982. The exact values of the series at biweekly intervals are obtained
M through three-point Lagrangian interpolation.

3 The errors in fitting periodic functions to the data were used to evaluate !
%’ the reliability of the data in the contouring of amplitudes and phases. !
L Diagrams of the annual, semiannual, terannual, and QBO were made using
s only those amplitudes (and corresponding phases) that were egual to or
A larger than the associated standard deviation. Also, at least
- 4% bl-weekly periods of data were required. The means for all stations
=¢* were adjusted to a common reference date (1972) to avoid the eftect of

w lony period trends. In Figs. 1-10, tick marks along the upper edge

, indicate rocket launch sites.
"]
15 COMPARISON OF VARIATIONS
) ]
: ? Figs. 1-13 present the amplitudes of the means, annual, semiannual and
’ ’ quasi-biennial waves. The values in Figs. 1-6 are for the amplitudes of
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Fig. 3. Amplitude of the annual
wave in temperature, K, from SCR,
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rig. 5. Amplitude of the semiannual
wave in temperature, K from SCR,
1970-1977.
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u;- Fig. 12. Phase dates of the annual Fig. 13. Phase dates of the
v variation in temperature from MRN. semiannual varjation in temperature
f" 1 = January first. Tréanqles from MRN. 1 = January first. o
indicate a region of 17K amplitude Triangles indicate a region of 1 K
or less. amplitude or less.
P
o
(SR
}: SCRoana MEN temperature, and those in Figs. 7-11 are for MRN w:ind.
TR Figs. 12 ond 13 present the corresponding phases of MRN temperature
] wives. The values of OXF are discussed in more detail in Section 2.3.9.
.' Periodic variations of the wind are presently available only from MRN.
- liote that these cross sections are machine contoured and lack smoothness,
I especially at highest altitudes due to the inhomogeneity ot the data. The
:J general patterns of maxima are not affected, however, and the amplitude
" and phase values discussed below were taken from tabulations rather than
$\“ the plots, whenever possible.
o
f\' Sample values at three latitudes are summarized in Table 2. The agreement
’ i tar better than expected considering the different sensors, data
X sources, methods of reduction of the raw data, interpolations to
L% lati1tude-altitude grids for automated contouring, graphical smoothing
Al techniques, and problems of different longitudes of the stations, periods
" ot record, sample size and uneven distribution of data in space and time.
o For the annual variation in temperature (Figs. 3,4 and also Fig. 1 1n
o fection 2.3.5; note latitude scales), the most noticeable difference is 1n
a0 the altitudes of the maximum amgljtude shown by SCR and OXF. S&CR shows a
) naximum near 3 mb (40 km) at 80 S, while the OXF maximum lles near 11 mb
e fd) km). OXF 1s in tair agrecement with MRN, where their data overlap.
Lo Fhase dates are at the solstices (Fig. 11). The corresponding annual
\iﬂ amplitude of the wind (Fig. 8) shows large mid-latitude maxima centered
:Ji near 60 km, in general agreement with Fiqg. 38 in CIRA 1972,
..
:;: The semiannual wave in temperature (Figs. S,6, Table 2; cf. 2.3.5,
.. Fiqure 1), is of interest because it is as stronqg or stronger at both
Y polar reqions than at the equator. Although the polar waves have
—— qenerally not been recognized, they are shown 1n /6, 10/, and they are
'Ni strongly confirmed by all three present data sources (Table 2). The phase
f\ of the maximum amplitude in the equatorial semiannual wave 1n tempoerature
f&- fF1q7. 12) 1is equinoctial and propagates downward, while those of the polar
Y centers are solstitial. The OXF and MRN data show the semiannual
: amplitude pattern in temperature at high latitudes as a vertical sequence
[ ]

of cells continuing into the upper mesosphere where the semiannual
variation in wind has been reported earlier /7/.

e

;?; The MKN semiannual wave 1in the wind (Fig. 9) shows the well-known tropical
L) Taximun near S0 km, displaced south of the equator, with bands of maximum
S extending poleward. The semiannual wind phase dates at these centers of
;s: miximum amplitude 1n both the polar regions and the tropics 1s equinoctial
b e and agrecs i1n general with /4/. Where the amplitude 135 weak, below 1% km,
s, the phase may appear occasionally as solstitial. It has been sunggesnted
N that the amplitude of this wave may be related to the solar cycle, showing
: higher values during solar maximum /8/. ig. 11 shows how the amplitude ’
B - of the semlannual maximum in wind near 50 N apparently chanqges with
" solar cycle. [t is not yet possible to confirm this solar cycle
::‘ hypothenis with satellite data because there are only 8 years of SCR data
it (1770-78), and high latitude MRN data have ended in North America. The
. <. recent sciar maximum years 1978-82 were examined, but there were only
> Ja59 1 q0-9
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Shemya and Primrose Lake with any data to 1982 and these stations had too
few observations above 50 km to permit any conclusions. Possibly later
satellite data ror this regilon will clarify the matter.

The quasi-biennial wave in zonal wind (Fig. 10) from MRN data has no
counterpart in the other data sets with which to compare it. The tropical
values agree well with those in /4/. 7The other areas remain uncertaln due
to luck ot adequate data. The QBO temperature field in the Tropics ayrees
with /6é/, but 1ts magnitudes elsewhere are unreliable, and arce not
reproduced here. The terannual wayes are also omitted for the same reason
and for the growing expectation that this harmonic does not rupresent a
'sical phenomenon.

"AlLE 2 Comparison of OXF, SCR, MRN, CIRA 1972

. rature (K) Wind (m/s)
. MRN CIRA OXF  MkN CIRA

Annual Mean (1 MB)

80°N 263 264 263 (264) 702N 18 5 (1)
o 268 270 271 (269) 10_N - -5 (-13)
8075 270 271 263 - 7075 30 30 ~
Annual Mean (10 MRB)
80°N 224 227 224 (223) 7ogN 10 5 ( 17)
v, 233 234 232 (231) 10 N ~ -l0 (~21)
dUS 222 226 226 - 7075 15 30 -
July Mean (1 MB)
[o]
suU N 284 285 - 283
Uo 2u) 2u8 - 269
80°s 254 259 - ~
Deccember Mean (1 MR)
s50°N 247 250 - 257
Oy 265 269 -
U8 248 291 - -~
OXF SCR MRN
Maximum Annual Temperature Amplitude K (at any altitude)
aozu 42 (.006 mb) - -
by N 26 { 2.5 mb) 24 (3 mb) 28 (44 km) (1.3 mb)
v, 3 ( 0.1 nmb) 1 (1 mb) 4 (42 K (2.5 mb)
8us 41 (.006 mb) - ~
sus - 11 (3 mb) -
oL 3% (11 mb) - 24 (26 km) ( 2% nb)
Maxirum Cemi=Annual Amplitude K {(at any altitude)

AtReT 11 ( 4 mb) 6 (3 mb) 6 (40 km) (3 mb)

(Vi 4 (1.5 mb) 3 (3 mb) 3 (40 Km) (J mb)
su” s v (V.3 wb) - -
vu 4 (1.5 mb) 6 (1 mb) 7 (46 km) (1.% mby

limtes to Toble 2

1. Values are taken from tables, if available, interpolating when
Nnecessdry.  bPlgures are used it tables not available.

[N}

Values 1in parentheses were estimated from mean of January and July
values roedad from tables.

J. No SCR data available below 10 mb south of 20°s.
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SUMMARY OF RESULTS

1. The three sets of data agree remarkably well. This may be due in part
to ultimate reliance upon a climatology based on meteorological rocket
profiles which still serves as the only large body of independent data for
the middle atmosphere.

2. Semiannual variations in wind and temperature at high latitudes of
both hemispheres are confirmed, but the cause of the semiannual
oscillation at high latitudes is still unknown.

3. Possible solar modulation of the semiannual wave during the 1579-81
maximum could not be detected at high latitudes due to reduction in the
MRN rocket network.

4. Meaningful comparisons of data require data for the same years and
place, not just for equal periods of record.

S. Resultant, observed temperatures or winds are made up of many periodic
and quasi-periodic components, possibly including solar effects, that
modeling must take into account.

RECOMMENDATIONS

1. Best present estimates of middle atmosphere climate are from satellite
global data. A data set consisting of PMR and SAMS to 85 km for 8 years,
plus 5 years of SCR, plus continued S5SU and similar instruments which
sense to 50 km, is now within reach. Resumption of the PMR type
measurements is highly recommended.

2. MRN data must be separated by region. Longitudinal variations due to
planetary waves may be large. Thus the sparse MRN data are best used for
vertical resolution at a given place, and not for representative global
coverage.

J. Added MRN stations are needed for satellite temperature retrievals,
calibration and verification, especially at high latitudes.

4. MRN data need to be carefully quality controlled.

[

5. Tidal corrections are needed to adjust single observations per day
into more representative values.
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MIDDLE ATMOSPHERE MODELS AND
COMPARISON WITH SHUTTLE REENTRY
DENSITY DATA

K. S. W. Champion

Aur Force Geophysies Laboratary, Hanscom AFB, MA 01730, U.S. A,

ABSTRACT

Several middle atmosphere models will be reviewed, including a new set of
models produced by Groves in 1985. The latter models are based on rocket and rawinsonde in
situ measurements and satellite remote sounding temperature data. The models are compared
with measurements made with instruments on board U. S. Shuttles during their reentry.
very useful atmospheric density data have been obtained in the altitude region from 50 to
80 km. The measurements are unique in that they are made by a vehicle travelling almost
horizontally through the atmosphere at a velocity of 6 to 7 km/sec. This results in me-
asurements along a path of approximately 8,000 km in a time interval of about 20 minutes.
The results show some unique features.

MIDDLE ATMOSPHERE MODELS

Several middle atmosphere models will be reviewed and compared with data
derived from instruments on board reentering U. S. shuttle vehicles. The first set of
models is contained in the COSPAR International Reference Atmosphere (CIRA) 1972/1/. The
middle atmosphere models were developed by Prof G. V. Groves and extend in altitude from
25 to 110 km (with some values at the higher altitudes uncectain). Monthly models are
presented for latitudes at 10 degree intervals from the equaior to 70° N. Properties
include temperature, density and presssure. In addition, monthly models are given for
west-east winds for altitudes from 25 to 130 km and latitudes from 0 to 80°. There are
many gaps in the wind tables for regions where data were not available. Separate winter
models are presented for North America and Europe/West Asia.

The second set of models is the AF Reference Atmospheres 1978/2/. They extend
from the ground to an altitude of 90 km and contain values of temperature, density and
pressure. The principal tables contain monthly values for northern latitudes at 15 degree
intervals from the equator to the pole. There are also tables for the median high and low
percentile values of temperature and density at altitudes to 80 km for January and July
for northern latitudes from 30° to 75°¢,

Fig. 1. Average monthly mean rocket i i
Fig. 2. Compa anuary me.
models minus satellite temperatures for degsi*y dgviatiéri:nirg:\ ion:‘; meman
- - - ¢
Koshelkov -.-, AF Reference Atmospheres values for AF Reference Atmospheres—-

~, CIRA 1972—... i
the tocket models-.wexqmed mean of and Groves model — for 3 longitudes.
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Groves/3/recently completed a new set of models for the 18 to 80 km altitude
region. The new models are based on rocket and rawinsonde in situ measurements and the
satellite remote sounding temperature models of Barnett and Corney/4/. 1n addition to
nocrthern hemisphere in situ data, results from a large number of Russian southefn
hemisphere rocket measurements are included/S/. The rocket and temote sounding temperature
profiles for comparable conditions are not in complete agreement and so we evaluated the
relative errors and empirically determined mean profiles. Thus the new models are based on
the integrated evaluation of all available in situ and remote sounding data. The relative
temperature profiles are plotted in Figqure 1. Wwhat are plotted in the figure are the
differences between the temperature profiles in three reference atmospheres based on
rocket data and the satellite temperature profiles for corresponding conditions.  Average
: wonthly mean (excluding winter values) profiles are given for four latitudes for CIRA
. 1972, AF Reference Atmospheres 1978 and Koshelhov 1983/5/. (Note that nocrthern hemisphere
. rocket values were compared with northern hemisphere satellite values and correspondingly

the southern hemisphere rocket and satellite values were campated.) The solid curves
represent the adjustments made to the satellite temperatures based on weighted averaging
of the other curves. Table 1 contains a sample page of the zonal mean densities for
November from Grove's new models/3/. Longitudinal dependent models were also developed
based on the wave 1 and wave 2 models of Barnett and Corney/o/. Figure 2 contains
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At comparisons of density deviations for January from the zonal mean profiles for the new
N models and the AF Reference Atmospheres 1978 for three longitudes. The agreement is mode-
'f:" rately good, but the new models are global, extend to higher altitudes and are probably
v nore accurate due to the inclusion of the satellite remote sounding data. Groves models
.\::.. can be entirely represented by analytical expressions.
A
> The models we have considered so far are mean models. For many applications
[ ) we need information on short term systematic variations and also on the extent of
s, variability about mean values. One set of systematic variations are those due to tides
*',-: induced by solar heating. Forbes/7/ has investigated theoretically the diurnal and
\ }..-_ semidiurnal tides. As might be expected, the largest tidal effects occur at low to middle
r. -, latitudes. The amplitudes are relatively small in the stratosphere and mesosphere,
.-, increasing with altitude until they provide major variations in the lower theruosphere.
O Some aspects of atmospheric variability will be considered when we analyze data obtained
A during the reentry of Shuttle vehicles.
4
‘u SHUTTLE REENTRY DATA
EA8
S Density data obtained during the reentry of four Shuttle flights, STS-1,
’f-.' STS-2, STS-4, and STS-5 are presented and compared with several models. All these
:‘-,' vehicles were launched from the Kennedy Space Center, Florida and landed at Edwards Air '
J_-.‘ Force Base, California. The landing times ace given in Table 2. The data were obtained .
2 from the drag measured by the Inertial Motion Units {IMUs) which contain accelerometers )
2 . y = !
,)' with sensitivity in the milli-g range. i
A FLIGHT LANDING
& — e
s STS-1 APRIL 14, 1961 i
3N 1021 psT
o 5TS-2 NOVEMBER 14, 1981
. 1323 psT
o
g STS-4 JuLY 4, 1982
S 0809 PST
»
! STS-5 NOVEMBER 16, 1962
; > 0633 psT
K ¥
't’ TABLE 2. Landing dates and times
®.
'& In Figure 3 is plotted the ratio of the density derived from the drag
‘ : acceleration on STS-~1 during reentry to the density from the U. S. Standard Aunosphere
' ) 1976/8/. The meteorological profile provided for the reentry is also given. 1In addition,
: Y the ratios of the densities to the Standard for April from the CIRA 72 and Groves 85
S models for 25° N latitude and from the Air Force Reference atmospheres 78 (AFRA 78) for
by 30° N latitude are plotted. It should be noted that the time during reentry passes from
~ right to left. The meteorclogical profile based on rocketsonde data agrees better with
the models than does the Shuttle data. Note that the Shuttle data exhibits fine scale
- fluctuations, particularly at the higher altiudes. These fluctuations may be due to
- turbulence or gravity waves in the atmosphere, but it {s 1lwpossible to rule out that some
K part may be due to turbulence induced by the very high speed shuttle flight or due to
S0 siall changes in the vehicle attitude modifying the drag.
o
o
W Figures 4 and 6 show data from the STS-2 and STS-5 flights. These flights
) were both in  mid-Novewber, but one year apart. The meteoroloqical profiles for the two
[ P
pe.
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8.501
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2. 48y
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0.934
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1.122 . . . 1
(LSRRI . o . 2 . . &'x
8.592 ¢, . . b . . 3.283
4,580
3.948
3.000
2.9
2.913
2.9 1.%32
1,835 1,484

1.3 1,400

Table

flights are very similar. The Shuttle data, on the other hand, are in good agreement up
to 70 km, with differences ranging between zero and 5%, but above 70 km the data diverge
with differences up to about 15%. The local time of reentry was different Ly about 7
hours and possible tidal variations were investigated. The amplitude of the semi-diurnal
tide in this altitude region is less than l% and the maximum amplitude of the diurnal tide
is 4% at B0 km and rapidly falls with altitude to about 1% at 75 km.  Thus the tidal
compunent will constitute a small part of the observed difference. Whether the large
differences above 70 km are due to atmospheric variability is discussed in a later
section,
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The densities plotted in FPigures 3 to 6 from Groves 85 models are the zonal

T mean values. Thus the effects of correcting for the longitudes corresponding to the
Shuttle measurements were investigated. These corrections in Figures 4 and 6 (November
[ . flights) result in reducing the plotted Groves 85 model values by 2% up to an altitude of
2 60 km, 1.5% at 65 km, 1% at 70 km and 0.5% at 75 km. These corrections result in small
- . improvements in the agreement between the model values and the data, The corresponding
w corrections for the STS-1 April flight (Figure 3) are an increase of 1% at all altitudes
x‘: ¢ up to 75 km and 0.5% at 80 km. The cffect of these corrections is negligible.
b :

Figure 5 contains data from the STS-4 flight., The reentry took place in July
and the appropriate models are plotted for comparison. The models agree well with the

! ' meteorological profile, with the Groves 85 model being the closest. The Shuttle data also !
e~ i agree well up to an altitude of nearly 70 km, but again above that altitude there are
} ’ large excursions of the drag. The corrections to the Groves 85 model values for varia-
A tions due to longitude amount only to an increase of 1% at all altitudes.
S . .
..,- Although changes in density with longitude are small for the four flights
. considered in this paper, this is not the case for all sets of conditions. The changes
with longitude are smallest at low latitudes and inciease markedly with increasing lat-
. itude up to high latitudes. 1In addition, the changes are small in the summer and become '
e - . larger in the winter. The maximum climatological variations are 151 at 50 km and +8% at
o 80 km at high northern latitudes in winter. !
s
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) SHUTTLE DATA AND ATMOSPHERIC VARIABILITY i
Vg In this section the same data from the reentry of STS-1, -2, -4 and -5 are %
Xy compared with models which present known atmospheric variability based on climatological '
- models. The AP Refecence Aunospheres 1978 were chosen for this companson because they !
.f: include mean values, already used in Pigures 3 to 6, median values and low and high values |
- expected 10V and 13 of the time. '
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v Figure 7 includes the STS-1 data and the meteorologial profile, the April mean
. mcdel and the January median and 10% low models. Note that the AF Reference Atmospheres
s only contain the extreme percentiles for January and July. The January median model fits

O the Shuttle data better than the April mean model, suggesting that winter conditions

- existed at the time of reentry. The meteorological profile, on the other hand, lies

between these two models.

Fiqures 8 and 10 show data from the STS-2 and STS-5 flights. They also
contain the November mean model and the January median, 10% and 1% low and 10% high
(Figure 10) models. The STS-5 data are close to the meteorological profile, but the STS-2
data deviate sharply above 68 km. The latter suggests unusual atmospheric conditions at
the location of STS-2 reentry. it should be noted, however, that most of these data lie
neat the 10% low curve and only one point touches the 1% low curve. Thus the occurrence
of these results is not statistically significant. The same conclusion applies to the
data from STS-5.

-
LGy

-

Data from STS-4 are given in Figure 9. The data are close to the
o meteorological profile and models up to about 70 km. Above that altitude there are rapid
L) fluctuations of up to +20% in magnitude. Some of the peaks pass below the 1% low values.
At that time the Shuttle was located near 25° N, 170° W at approximately 1200 hours local

"
. - time. This means that it was very close to the summer sub-solar point. It is interesting
- to speculate that the fluctuations may be the result of convective atmospheric activity.
o
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" Fig. 7. Density ratios for STS-1, the Fig. 8. Density ratios for STS-2 and
!': meteorological profile and models spe- models of atmospheric variability.
> cifying atmospheric variability.
‘\_ A RESCUENCE ATMUSREINS 9TR XN ALY A RCFCRENCE ATMUSACRES M78 S0 MMIARY
) e (LW A0 METEORLOGKAL FROFRE —= WDAN e O M
N " e o v e T e e TN T
Lo A e T
-~ [ :'/.:c.?l‘_‘i- ____
+CN [ [
S @ RN ROVl ¥
| .- ——
¥ ' Tre-T
® ..
'.. v
-:. ':'
- .. L P
» e e
1 fl .o .
SO Q15 8 ENLT s TN 37103 DAY cmMATT
]
.7, . . 4
., fig. 9. nsity ratios for STS-4 and Fig. 10. Density ratios for STS-5 an
-7 models of atmospherxc variability. models of atmospheric variability.
-
5
Ny
Ny
l~ t
-4 CONCLUSIONS
‘ !! The availahle reference atmospheres and climatolegically specified atmospheric
B, variability up to 80 km at low and middle latitudes are teasonably accurate. At high
~ latitudes, particularly in the winter, there are large systematic variations and latqge
S variability, such as result from sudden stratospheric warmings. Improved mxlels are
> tequiced for these conditions. This is part of the moce general problem of unpredictable
:; variations. These include turbulence, detailed stotm effects in real time, and the
‘s' location, amplitude, phase and velocity of gravity waves.
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SOUTHERN HEMISPHERE REFERENCE
MIDDLE ATMOSPHERE

Yu. P. Koshelkov

Central Acrological Chservatory, State Conunittee of the U.S.S.R. for
Hydrometeorology and Control of Natural Environment, [23376 Moscow,
USSR

ABSTRACT
The wind part of the rocket-bacsed empirical model of the middle atmosphere
of the Southern Hemisphere is revised on the bausis of new rociet and rudar
data. Wird and tewperature values from this empirical model z2re conmpured
with corresponding values from the suatellite-based reference atmosphnere
coupiled by Burnatt and Corney. Generul similarity of the two models i3
confirmed, though marked discrepancies are sometimes revzealed.

an eapirical model for the Southern Hemisphere middle atmosphere basaed on
rocketsonde information was published earlier /1,2/. The wind purt of the

rmodel is now revised using greater amsount of rocketsonde data (tuble 1),
rawin results et the 20 lon level /3/ and IF rader winds in the mesocrthers

at idelaide ,Tcovmsville, Christchuch and in the antarctic /4—8/. a8 a result,
rather significant changes are obtailned in the wind model values above

€0 wr and only minor alterations below. The revised referencec wind values
are prescnted in the Appendix and fig.l.

TiaBLLE 1 The Number of Wind Lieasurements for Main Rocketuonde
Sites in the Southern Hemisphere up to Ssptember 198% Used

for Compiling the Reference Atmosphere

Site Feriod of obs, Altitude, «n

40 60 B8C
VesoLels: 1961-1485
591-593 535 210 -
505-15% 118 28 —
158-25°5 150 EI—
25 8-35% 141 17 —
55 5-45°3 109 13 -
45 3-55% 126 9 —
serguvlen Is, 1973-1981 171 1o6 72
l'sclodezhnaya 1963-1985 8ey 711 391
doomera 1962-1974 111 78 4%
Lar Chiguita 1966=1979 164 64 -
Ascension Is. 19€4-1085 1750 857 44

(10)83
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Tubles 2=4 give results of the comparison made for the Southern Hewisphere
region between existing refervnce models- the one based mainly on rocket-
soudes {prescnted above, also in /1,2/) and that bascd on satellites /9/.

Significant systematic discrepancies in temperature (table 2, tig.2)between
the two relerence models at all letitudes of the Southern Hemisphore are
only obscrved at altitudes 75 and 80 km (the rocketsonde are about 1:0°C
colder than the sutellites). For other altitudes, mean annual discrepancies
exceeding 59C ure found at 35-40 km over the Antarctic.

The uature of the discrepancy encountwredin summer is not clear while in the
wilnter str;fospuera it may be a result of different duration of the obser—
vational pericd ror rocket sounding and satellites. Temperaturcs from an
siulytical presentation of the climatic distribution /10/ in which the MR
data have been corrclated with gtmospheric tumperatures recorded by means

of Uoviet rocketsondes are also shown and reveal lowest temperutures,

annuul density difterences between the models (table 3) are small.It is

only in tue upper mesosphere of low and middle lutitudes that the density
values frof the rocket-based model are consictently higher than the satelli-
te-buscd values (the roverse is true for the Antarctic mesosphers). &s for
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Southern Hemuisphere Relerence Middle Atmosphere
TABLE 2 Differences in Temperature (°C) between the Yo-
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.- man<ily valuscs, discrepancies bigher than 9 are regivteliod Lo The Oos o=
oy JLere wnd higher than 10 = only in the ulper Antorctic wesos;herc. Dhe
e an.lytical model reveddls the lowest density volues in the ujper mescis..wcre
. when coenpnr=d te other nosels (£1ig.9).
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L Fig. 3. Seasonal density varletions at latitudes 10Y5, 0% end

;j 70 5.(for legend see f£ig.2).

0

o Seasonal vuriations of temperature or density revealed by the racket=bacsed
;:: arl satullite-based models are similar but sometimes are omeethrpr in the

ferzer case than in the latter (e.g.,temperature curves ot 40 i 20 i for

- .
' «€°5, density variution «t 20 wm for 70°3).Main disorejancies in the o=
¥ - . .
b £o.iul variatioas between the two wedels are encounterca in the ujjer equn-
‘N torinl mesc:nher
o torinl mesciphere.
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Latitudinal temperature variations (fig.4) in the Couthern Hemisphere rc-
vealed by the reference modwls bave much in common.However, at the heights
of -0 &2 and 80 km the magnitude of the gradlents in sulwer 18 Creater in
the case 0f Sctellite data than in the cusce of rocketsondo data.The mini-
fuu o ln winter 1s located 5 to 10Y )atjigude further south when depicted by

the rociket datay the zinluwum is built up above the 29-km level utilising
tiu rocket information and wbove %0 Kk in cace of the SCE/MR wnalysis,(In
ti.¢ Northern Hemisghere,discrepancies between the existing wodels are groat
1z winter).Dunsity gradients (fig.5) in the Southern Hewisphere in sumer
~It nullewhat grouter when based cn thoe rocketsonde datu; Thu reverse is
Liuuw four the winter period.
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Fig.4. Moridional temperature variations in January wund July. l-S.H.
referonce Liddle atwosphere (bused on rocket data); 2- middle atwosphere
referonce kodel derived from sutoellite dutu (Barnett aud Corney,l985)4
i= CIkA 19724 4=Air Foroe Refervnce atmospheres (Cole wmd Kantor,1978).

<twjurature differences between the hemispheres determined by the sutellites
(tigc.o) indicate higher temperatures occurring in the summer stratosphere

in tne Southurn Hemisphere., 4 similar result could be seen frow the compari-~
non of rocket-basud models and an excoption in the 59-E0 km layer may rusult
1ol deficiencies of the compilation techniques, e.g., overvstimation of
Luejeluture by CIRA 1972 in this layer. Both rocket and satullite data coen-
Tirw relatively high temperature background forwed in the Anturctic stra=
Tvopherv and mesosphere in mid-winter sbove 30-3%% ki, lid=latitudes are
¢older in the Soutuern than in the Northern Hewisphere, snd this ctfuct is
“ulu rvadily sven from rocketsondes than from SCR/ZFMR satellitus.Density
gradients in the Southern Hemisphiere from the rocket dutu in suumer are go-

Lerally smaller aad in winter greatur than those given by the satullite da-
Lae

Healspborice asyumetries in density values (f£ig¢.7) are similar when deduced
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Southern Hemisphere Reference Middle Atmosphere (1N

05 thu reedet and setellite-bused reference utmospheres, legative vulues
wellspleric differences (S.1. lower than N.H.) in winter ace greater
(and 2:niend to the spring period) when estimated from the rocket deta thun
. ,

TeO tue catellites, In sucmer the density values are a little greaster in
Le Soutiern than in tue Hortaern Hemisphere, according to both medels

July Janvary
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1 De Lieridionad dencity variations in January and July (for
legend s2e fige+).

7
/

Figets Temjerature differcnces (°C) between the Southern ond Northern
dezisyheres,at #0“lat. and at 70°lat. a),b)=S.H.reference middle atmos-
fhere (vascd on rocket data) and CIKA-72(N.H.). ¢),d)-hiddle atmospherc
refuerence model derived from satellite data (Barnett and Corney,1985).
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Vilacs of zonal wind speed o8 well as the patterns of seasonal vuriutions
deplétod by the ruciet und satollite datu snalyses do not reveal substan—
Tilal discredunclies (Table 4,fig, 8),
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Fig.7. Density differences (%) betwcen the Southern and Northern
Hemispheres, ut 40%°lat. and 70°lat. (for legend sce fig.6).
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However, the westerly flow in winter estimated from the rockets is 5 to

o X

L

4§ 5 A
P

Sy
l‘
e .
t
“»
o
»



VY (XA

N

o~

St

x
]
.

h

1,08 0 4

* SolyNTs

P

PR A AL

.
. l.‘l .

AL 0 el

-

L

XXX

AW v’

a8

A

»

A

‘ '.
C AR

- T

o

ARMRR

5

CaR

P

SR

P

L5445 N
- ¢ & B 8 W

@ XX

L)
a'

Y

ST “"'[

VT WS SN ANY et RT  A TRNATTST ag Y ) r

Southern Hemisphere Reference Middle Atmosphere (10)91

15 m/3 weaser than that from the satellites; in high latitudes, this is
vualid during the whole winter; in low latituldes - only in eurly winter
and not at all oltitudes, It cannot be 1uled out thut a rapid attcnuation
¢t the westorly gecstrophic wind over the Antarctic in September~October
secn Jrod the sutellite data (£1ig.8) iz a specific feuturc of the years
consizered. 4 small but systematic discrepancy could also be traced in
winter between the radicsonde-based winds of the two models ot the 20-km
level, Grecatest discrepueacies between the models are fcecund in the upper

mesosphcre.

Surmaer easterlies in the two models are of nearly equal intensity in middle
latitudes, while the rocket winds over the Antarctic cre greater (by 5 to
12 n/s) than the satellite winds; in the lztter, puzzliug is the anpearance
of zero wind values at 3040 km at 70°S distorting latitudinal wiri sec—
ticns /9/ in Decembe. and Januarys, The satellite-based sections also re-
vecl development of two separate cores in the westerlies (near 60~7C°S and
30 5) in the period from Aurust to October and two cores in the eucterlies
(L 40-4538 and 1505) Zroxw December to Februcry which wre not readily
3cen in the rocket-based winds. At specified altitude levels, the meridio-
nal distribution of zcnal wind (fig.9) 1s rather smooth and reveals gene-
ral similarity betweon the satellite and rocket analyses,narticulcrly in
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The nmain maximum of westerly cpeceds in winter reaches its northern-most
position (~40°S) in May (rocket datu) or June (sstellite duta). Its height,!
as the two models alree, should be about 55 s from April to June, 90 k ‘
in July and decreuses with time aftervards— wore ropidly according to the
butellite datas. The satellite~based model confirws the fuct noted eurlier
/lc/ that tnoe altitude position of the westerly wexiwmum is Ly soveral kilo-

weters lower in the Scuthern than in the Northuim Hoewisphere,

Hewispheric asymmetry in zonal wind spueds (tuble 5) wulysed scparutely
Trow rocket and satellite data, proves to be ol the saidc nalurc: both castsl
ly flow in sumwer (with the exception of the Lolar region) and westerly
rlow in winter are rore inteasive in the Southern than in the Northern ie-
wisphers, The mugnitude of the hemispheric airterences,however, in winter
1s grouter for the satellite than Jor the rocaet dutids 1n swwier,suteilite-

tused aitrerences at 70%lat. wlso cevm to be exapperated,

TaBly 5 Difrferences in Zonal Wind Speed (m/s) between
the Southern agnd Northern Hemispheres, Top - cowmparison
of rocuet-based models (the present wodel, S.H,, wnd
CIRA-1y72, ' H.); bottom = the satcllite-bused model /9/.

Heignt Latitude
(ian)
20 40 20 20 40 20 |
Summer Winter 5
(Jan. S.H.-July N.d.) (July S.l.=Jan, N.H.) !
80 - /9 =22/-12 =31/18 - /-2 -38/=6 c /20 f
60 -26/-14 =3/-9 /16 12/9 6/29 50/29 '
40 ~14/-15 =10/-6 1/14 11/16 9/56 16/25
25 5/0 0/2 2/4 0/0 15/18 40/19

In general, the rocket-bascd and the satellite~bused reference atwespheras
in a siwilar wanner refleoct main featurcs of the structure and circulation
in the stratocphere and mesosphere of the Southern Hewisphere., There are,
however, scme discrepancies between the results of the two wodels the ori-
¢in of which should be resolved.
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e = MIDDLE ATMOSPHERE TEMPERATURE

N2 MEASUREMENTS AS COMPARED TO
) ATMOSPHERIC MODELS
\f\"

:-:.:, D. Offcemann, R. Gerndt and R, Kichler

N
-_-:: Physcs Department, University of Wuppertal, 5600 Wuppertal 1. F.R.G.
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G ABSTRACT

el

:;~_': : ™o larme sots of temperature data measured in Purope are conpared to atmospheric models
{.‘-:. ; hat were prepared for the NEW CIRA. The data were taken by rocket flights during the fnenry

. adoet and MAPAVLne Campalgns, and during several years of operation of qground hased cH*

' sectrawters. Monthly rean temperature profiles from 20 - 85 km are available for tiovwrber,

- >oerber, and January. They are in very good aqreement with the new models. Seasonal and la-
-__‘-: sttudinal variations of upper mesosphere tenperatures are obtained from the OH* data. They
. are also in fair agreamnent with the new models. These are therefore found a definite im-
t.—:‘. provrent as compared to the older ones. On the basis of this general aareement it {s con-
..-f‘.' cluald that finer details as variations with solar cycle, magnetic activity, etc. could carw
-_:-: tnto reach of future models.

il NIRODOCTION
1, .

:-" Current reference attrospheres like CIRA 1972 /1/ or the Air Force Reference Atrospheres /2/
::\:- amtain middle atmosphere temperature models that are mostly based on rocket measurcments,
e It is well known that these are biased towards the American continent. Recently Darnett and
N Cormney /3/ proposed a temperature model derived fram several years of satellite intrared
.,-:,;-‘ ~vasurements, that is rmore global in nature, Groves oambined previous rocket data and this
-, " moent satellite model /4/. As it is planned to replace CIRA 1972 by a new version (1986)
:) including mare recent measurcments, it is interesting to campare the various rmodels to inde-

. pendent data, that have not been used in any of the temperature models, and that were not

o taken 1n America.

.f‘
e
O There are two respective sets of data that were measured by different techniques in Lurope
v':a' singe 1‘)800 The first set was obtainad by 21 meteorological rockets launched from ESRANGT
v, (65~ N, 217 L} in Novarer 1980 during the E‘ngrqy Budqget Campaign /5/, and by 64 meteorolo-
w aqical rockets launched from Andoya (697 N, 167 L) in December 1983 and January/February 1984
e as part of the MAP/Wine Campaign /6/. It covers the altitude regime 20 - 85 km, and roproe-

L sents a very substantial {raction of all rocket temperature measurgments taken in nporthomn
,:3_'. Scandinavia. The second set was dsriw_d fran several years of ground based measurements of
<’ near infrared emissions of the Oi 10‘/(‘8 noarothe meS0PAUse . Tgcso woge mostly performed by
' spectrancters located at Wuppertal (517 N, 77 E) and Oslo (607 N, 11 E)), anrd to a lesscr
'Sy deqrre by spectrameters at Andoya, ESRANGE, and Longyearbyen {787 N, 157 E). Hence all of
"-\:: these data stem from a narrow sector in geographic longitude while covering quite a range of
2 latitwles and an extended time period.

!'.’. The meteorological rockets employed Datasondes or passive falling spheres. These technidques,
A their accuracy and the data obtained during the two campalgns were described in detail in
','.f,‘ varicus papers /7 - 10/, The O emisssions originate from a layer centered at about 86 bm
e anxd 8 km thick /11/. Tamporatures derived thus represent weighted means over the emission
Uy layer. They are nevertheless useful data because the tenperature gradient at this altaitude
.‘:'.': is aenerally small. Comparison of OH* temeratures with sinultancous rocket or lidar mea-

AN surements have been made as much as possible /13, 17/. In ten cases analysed no systematio
i differonces were found. It is therefore believed that OH* tampratures are reliable at the
’3 lerol of 4 = 5 K at least. As a conseruence the temperatures ained by rocket measurerents
‘.p:'_ during the MAPMine Campaion have been normalized to the OH* temperacures /10/. As tlese
AR terperature profiles are obtained hy downward integration of the measured atrospheric densi-
_’.7- tivs, the normalization affects the tagperatures to about one scale heiqght telow the norma-
AR l{zation level. During the discussion of rocket data given below, it must therefore be kept
e in mind that the MAP/Viine temperatures above 80 km cannot be considered independent data.

) .' OH* data obtained and their analysis for the time period of the two campaiyns
.' (o7
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Middle Atmosphere Temperature Measurements (1))

are described  in detail elsewhere /12 - 14/. There are many additional data taken at other
wies /13, 15, 16/ that will be discussed together with the campaign data below.

MOWTHLY TEMPLRATURE PROFILES

avket terperaturvs measured during the Energy Budget Campaign (November and 1st December
1350) were averaged at altitude steps of 1 km, and are shown in Fig. la. The resulting alti-
sade profile is taken as a mean November profile, though one must bear in mind the possi-
tility of individual differences fram one winter to another. The mean profile is not smooth,
ot shows same small scale structure including a number of kinks. This is mostly attributed
so shert period waves (gravity waves etc.) that were present. The kinks are due to the fact
s~at the various rockets covered different altitude ranges. Hence it occurs that mean tanpe-
ritures at two adjacent altitude levels are calculated fram different numbers of measure-
~rts and that a kink may arise. The number of data peints (rockets) available for averaging
:3 larsest in the maddle of the altitude regime covered (for instance 23 at 50 km). It de-
~easrs at the highest and lowest levels and is about 7 at 80 - 85 km and 7 at 20 ~ 25 km.
The rean tamperature values are therefore less significant here. As the small scale struc-
sures would disappear if the number of rocket flights available for the mean would go to-
wrds infinity, these structures in Fig. la give an indication of the quality of the mea-
sured rmonthly mean profile.

from the rocket data measured during the MAP/Wine Campaign respective mean profiles are ob-
*a1ped for the months of Decamber, January, and February (at altitude steps of 0.2 km). They
are shown in Fig. 1b, ¢, d. The following numbers of rocket flights were available in the
myimes of the upperrost five kiloameters, the stratopause, and the lowest five kilameters:
4, 10, 3 in December 1983; 19, 10, 5 in January 1984; and 17, 26, 5 in February 1984. It
should be noted that several minor stratospheric warminas (and respective mesospheric
coelings) were present during the MAP/Wine and Energy Budget campaigns /14/. These may have
antributed to the residual wavy structures in the monthly mean profiles. By end of February
1984 a major (final) warming occurred /18/. This is easily seen in the high stratopause tom-
pratures of Fig. 1d, though the rocket flichts covered only the build-up phase, and not the
decay phase of the major warming. The profile given in Fig. 1d therefore cannot be consi-
dered a reliable mean representative for the month of February.

7o campare the measured data with reference atmospheres, respective profiles were taken from
CIPA 1972 (Part 2) and from the model of Cole and Kantor /2/ for the latitude in cquestion,
and are shown in Fig. 1. The data presented are seen to be consistently hicher than CIRA
1972 in the mesosphere in all four months. In the upper part of the stratosphere they are
sanwhiat lower than CIRA 1972 in Nowmber, turning to be higher (with increasing tendency)
tn Decerber, January, and February. In the lower stratcsphere they are considerably lower
than CIRA 1972 in all four months. The differences between the present data and the Cole and
Fantor model are less pronounced. They are, howoever, clearly visible and follow o systematic
(attern at least in the stratosphere, too. As these deviations are so systematic, it is con-
cluded that individual features of the winters in question were relatively small corpared to
the deviations discussed.

Also included in Fig. 1 are profiles of Barmett and Corney /3/. They show a very encouraning
amrrent with the rocket data at all altitudes and months with the exception of Tebruary
1984, (This ronth quite obviously is too strongly biased by the major stratesjheric warmumndgl.
The dewviations of the present data fram this new model are - on the mean - much smaller than
frrm any of the two other models discussed. Thus on the basis of our data the midel of
Bamett and Corney rust be considered a real inprovanent in the middle atrosphere for hiah
latitude winter.,

In Fig. 2a, b the monthly means of Decamber 1983 and January 1984 are uiven asain. In this
case the mxiel profiles of Barnett and Corney and of Groves /4/ are included for conparison.
It i5 scen that the Groves curves are somewhat below the Barnett and Corney profiles in the
arer mesos; here, whereas they tend to be above them in the lower mesosphere. The same 1s
found for the Noverber and February profiles not shown here. Camarison to the measured pro—
files presented here shows that there is a systematic difference, the measurcd data taing
lever than the mudiels in the upper mesosphere, and higher in the lower mesnsphere. Tt thos
aryeears  that the Groves profiles are even samewhat better a fit to the data than the barnett
el Correy profiles. This conclusion is, however, not really safe tecause the systamtic di—
viations could be precursors of the major warmung in February 1984, This event i1s namely
characterized by the same type of deviations fram the mael profiles, which are, however,
rieh larger (sec Fio. 3d). Such deviations are typical for stratospheric warminas /2/. ‘The
armuyent. 1s sprorted by the November 1980 data where the Growes model is not a tetter fit
*n the data than the Barmett and Cormey model.

As the difference between the two models (shaded area in Fig. 2) is small for the eonditaions
discussed one may take them together as "undisturbed” mean profiles of the mesosphere. The
deviation of the measured profiles fram them {s considerable and systematic, as said above.
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If it is justified to adopt these profiles as being undisturbed, one is faced with the pecu-
liar feature of o build-up phase of the major (final) warming which starts more than two

e ronths belore the peak of the warmunyg occurs! This “precursar structwre” is luss pronounced
s 1t the Croves profiles are adopted as refurences. Ome might thereby e led to prefer this
B . nede: 1,
SN i
- UPPLR MLSOSPHLRE THMPERNIURLS

o
_\". Scasonal Variations

A

:-'\ w0 near infrared spectraneters of the University of Wuppertal for determination of OH* tome

" poratures were operated since 1980 at Wuppertal and since 1982 at Oslo, respectively. During
‘.::' the camjalyns described one of the Instruments was taken to the rocket ranges (ESRANCE or
wh Aadoya) . The spectrometers neasured continuously every night as much as weather and instru-

: rentation allowad. One tunperature value was taken every two to five minutes. From these da-
o tu nightly nean values were caleculatud. Typically 15 good nights were avallable each nonth.
S, tagntly means were averagad and yielded the monthly means used in thas analysis, Hence a
‘\"Y voery large nuldar of tuyaorature deteminations enters a monthly mean, the statisticul error
iy N of which 1s therefore rather small (<1 K). The total error of the mean values is < : 2,5 K
¥ .ﬁ /13/. The nonthly means obtained at Wuppertal and Oslo since 1980 are given in Fig. 3. (If
Dy less than five daily mean values were available for a monthly nean, it is labelled by "1"))
g Turgarratures could not e neasured at Oslo around summer solstice, as solar clevation re—
! V’J. mains too high during night.

_!J' Scasonal variation as neasured above Wuppertal (510 N) is showm in Fig. 4, Several years of
' data were averaged to obtain the curve. It is conmpared to three atmospheric nodels. There
on are large differences with respect to the Cole and Kantor model /2/. Agreuament with the

«.'_;- Croves model /4/ is much better, Best agreement is obtained with Barmett and Corwy /3/, Lf
'\-_,.: this nodel curve 1s slightly shifted in time (by 9 days to earlier tim:s), The agreewnt is
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TEMPERATURE

51°N
60°N

ESRANGE
ANDEHE S
t 1 ! |

1980 mn 1981 N 1982 s 1983 v 1984

»m 0 x

Fia. 3. lonthly rmean OH* tamperatures (86 k) measured at iypeertal (51 1)
and Oslo (6¢° ). Measuroments durine rocket carpaigns at USTANGE or Andoya
are indicated by E and 2, respectively. Dashed line connecting the sumer
minima has a gradient of 3 K/year.

very aood in winter. In summer there appears to be a slioht discrepancy. It should be noted
here, that the Barmett and Cormey model does not extend to 86 km. Its uppermost level (at
81.7 kn) was used in Fig. 4 instead. (The same applies to the Groves model.) Hence if there
is a torperature gradient in this altitude regime, it will affect the agreement. The data
shown in Fig. 3 appear to indicate a longterm trend especially of the summer temperatures,
as will be discussed below. The range of change of summer minimum temperatures is qiven in
Fig. 4 as a bar together with the June temperature value. If one goes into these finer de-
tails one should note that the Barnett and Corney model is based on data taken fram 1973 -
1978 (ascending part of the solar cycle), whereas the OH* temperatures were measured fram
1980 - 1984 (descending part of solar cycle).

The seasonal variation measured at Oslo (60° N) is shown in Fig. 5. The Barnett and Correy
model is shifted by 3 days (to earlier times) in this picture. Agreemcnt of this model with
data is again good, although the summer differcnces are samewhat larger. In winter the molel
appears to be slightly too high. A similar result was indicated by the rocket data taken at
even higher latitudes, as discussed above. However, the difference in altitude of measured
and model curves has to be taken into account, before conclusions can be drawn.

latitudinal Variations

Fig. 3 shows that two OH* spectrameters of the University of Wuppertal were operated simil-
tancously at Wuppertal and Oslo for a time period of about two years.OAlso one of the tvo
instruments was operated once in a while at even higher latituwdes (687 - 697 N) . These two
instruments were carefully calibrated by a standard procedure to make the measured data o
rarable. They were also operated at the same place (0slo) for a while, and proved to vield
the same temperatures /13/. Latitudinal dependence of 86 km temperatures during the course
of the year can therefore be derived fram these data /13/. As an example the latitudinal
differences during two winter and two summer months arooshown in Fia. 6. They are ooperd
to respective atmospheric models. Model data are for 107 E, axd vary by less than 0.2 K when
the exact longitudes of the measurcment sites are used. The slight differences betwoeen mea-
suremynts arxl models as discussed above (and largest in summer) are of oourse reproduced in
this picture. The essential result obtained fram Fig. 6 is, however, that the relative la-
titudinal variation of temperature is small (especially in winter), and fairly similar in
mdels and measured data, Three additional data points are includred to Fiqg. 6, which were
reasured by two other instruments. The data points at 78° N (Svalbard, /16/) are about in
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lire with the nodels, taking into account that the December value may have been affected by
d slrallspicrle wWaTung/resospleric cooling, Ihe August value at 687 N was taken under con-
ditions of roctilucent clouds /15/. It is therefore not swprising that 1t strongly deviates
tram thie models.

Ctiwer Varliations

fo nentlonad above the O turperatures shown in Fig. 3 indicate a long term trend of sca-
scal varlations. It 1S seen that winter maximam values are relatively constant, whereas

ui el PUnUEn values apjear to increase fram 1980 to 1994 by rowghly 3 K per year., Thus co-
Mcldes with the lagunning descent of solar cycle 21, M anticarrelation of usmﬁmtuzcs
with solar qycle of canparable magnitude was also obtained prueviously fran 5577 A atanic
Lxygen areen line arissions originating about 10 kin higher 1n the atmouphere /19/7.

The Luperatwre differences remaining between the data presented in this paper and the re-
Qi elivspdwric models are of the arder of 10 K, and frupuently much snaller. It thus

.
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Fig. 6. Latitudinal variations of OH" tomperatures in winter and summer

E as campared to atmospheric models. Measured data points connected by
; straight lines are fram instruments of University of Wuprertal. Size of
; symbols indicates error of these data. Figures near the data points give
. the number of years availab(])e for calculating the mecan. Bamett and Cor-
¢ ney model values are for 10° E longitude.
apresars that finer details of upper mesosphere tamperature variations as with solar cycle,
rametic activity, etc. oould came into reach of modeling efforts in the near future.
Acknowledgement
The ground basod spectrameter measurements were supported by Deutscahe Forschungsgereinschaft,
Aonn. The onopscration of EWV. Thrane and T. Blix during the Oslo measuraments 1s aqratefully
ackrowledaged. For the rocket data we are indepted to W. Meyer, C.R. Philbrick, F.J. Schmid-
lin, and U. von Zahn.
Afironces
1. QUGPAR Intermational Reference Attosphere, Akadamie Verlaq, Berlin, (DR, 1972.
2. A.E. Cole and A.J. Kantor, Air Force Reference Atmospheres, AFGL-TR-78<051, A.F. Geo-
phys. Lab., Hanscam AFB, Ma 01731,
LGA (Feb. 1978)
! 1. J.J. Bumett and M. Comey, Middle atmosphere reference model derived from satellite
data, 1n: Handbook for MAP 16, eds. K. Labitzke, J.J. Barnett, B. Ldwards, Umv. Illi-
, ncls, Urbana, 1985, p. 47.
t
j 4. G.V. Groves, A qglobal reference atmosphere from 18 to 80 kan, AFCGL-TR-85-0129, A.F.
! Geophiys. Lab., Hanscam AFB, Ma 01731, USA {May 1985)
]
¥
!
!
oy L N S N i S8 ‘ ) A S T e M N Vo .
\J‘\.J'\.‘J\J'\\‘.l'\ - _‘ E e NN e




- s 2 a a4 e a

T
e Ak

KARANLS §8 MOAACHEND

LY

B

VERAPLS

149.

Lyl D. Ottcrmann, R. Gerndi and K. Kuchler

D. Offermunn, The Energy Budget Canpaign 1980: introductory review, J. Atmos. Terr.
Phys, 47, 1-26 (1985)

U. von Zahn, The project MAP/WINE: an introduction, J. Atmos. Terr. Phys., submitted
VY9ou)
P.J. sturadlin, Repeatability and measurement uncertainty of the Unaiied States meteoros

sarjical rocketsaide, J. Geopys. Res. b, 9599-9005 (1yu61)

F.J. sctuadlin, C.R. Philbrick, and D. Offermann, Autosphwric density, teyaerature, and
Wind feaslranent technigques during the 1980 Energy Budget Cangalyn, 1n:Sowwding Rocket
vhuwgram Acraaany, Project: Bhergy Budget Campalgn 1960, EXporimst Sumary, ods. D.
Gilemad, ang bV, Thrane, Budesministeriwn fur Porsdiang wad Technolugie, WT-Fb=wW
eli~uue, bonn, PG, 1yel, p. w2,

K. Phalbrick, F.J. Schmdlin, K.U. Grossnann, G. Lange, D. Offermann, K.D. HBuker,
Frankowesy, and U. von Zahn, Density and tageerature Structure over noruicrm Lurope,
Awwos. larr. Phys., 47, 159-172 (1985)

LU

i. Mryer, R. Gerndr, C.R. Philbrick, and F.J. Schnddlin, The nuddle atmosphere above
Alduya, NOrway, during the winter 1983/64 as derived fram metrockets and O nightglow
clcrvations, 1n: Proc, 7th LSA Synposiun on Buropean rocket arad bulloon programmes,

)

wio TLDL Cuyunie and J. Hunt, ESTRC, Noordwilk, 1he Netherlands, 1985, p. 40,

U.J. buker and A.T. Stair, Rocket measurements of the altitude distributions of the
Loaaoxyl airglow, thus issue,

L.J. baker, AJ. Stuxd, G.A. Ware, D. Offermann, C. Lunue, and H. Laucta:, Cround-based
atmspdieric wnfrarad and visible emission reasurdauents, J. Atios. Terr. Phys. 47,
T33=145 (1484)

K. Guemdt, Untersuchung der Temperaturvariationen in der oberen Mesosphare mat Infra-
ret-spertramctern, Ph. D, thesis, Undversity of Wuppeertal, FiG, 1966.

D. Offermann, R. Gerndt, R. Kichler, K. Baker, W.R. Pendleton, W. Meyer, U, von 2ahn,
C.Re Pralbrick, and F.J. Sctuddlin, Mean state and long tadm varlatlons of tesgarature
i the wihter middle atmosphere above nortdwrn Scandinavia, J. Atruos. lerr. bys.,
sataatted (1986)

C.R. Phulbrick, J. Barnett, R. Gerndt, D. Offermann, W.R. Perdleton, P. Schlyter, F.J.
schaadling and G. Witt, Tamerature neasurawnts durirg the CW progran, Adv. Space
ke, 4, 193-156 (1984)

H.K. Myraby, Temperature variation at nesopause levels during winter solstice at 76° N,
Flancet. Space Sci. 32, 249-255 (1984)

U. van Zahn, K.H. Pricke, R. Gerndt, and T. Blix, Musospheric tengeraturcs and the OH
layer height as derived fram ground based LILAR and OH® spectranctry, J. Atwos. Terr.
Phys., sduatted (1986) .

K. Labitzke, ALH. Manson, and E.R. Williaws, Hemaspheric synoptic analysis of 95 km
winds during the winter of 1983/84 and campurison with stratospderic puramwters, J.
Auos. Terr. Phys., suamitted (1986).

G. Hurnandez, Lowcr-themmosprere tamperatures detertuned fran line profiles of 01 17,
924-K (5577 R) aission in the night sky, 1. Longtunn bohavier, J. Geopdiys. kes. 81,
5165-5172 (1976)

e T




B skl g faas gne dae e g aem B b A0 R AN A0 Bie o ch b u gte Set Acei MR

e

AL Spoe Key Nl T0NG a0 ppe (T0)I0S-(10)11S, T9RT 0274117787 S0+ S0
Prnted o Great Brtaa Al nghts reserved Copynght {(j 187 COSPAR f

P e gl e+ b o

OZONE REFERENCE MODELS FOR CIRA

G. M. Keating,” D. F. Young®* and M. C. Pitts*** .

v ——-

*NANA Langley Research Center, Hampton, VA 23665, U.S.A.
TPRC KNentron Corporation, Hampton, VA 23666, U S A. :
ST Svvierns Corporanon, Hampton, VA 23666, U.S A,

ABSTRACT

The ozane reference model which 1s to be incorporated in the COSPAR International Reference
Atmosphere (CIRA) ts described and compared with other measurements of the Earth's czone
! distribution. Ozone vertical structure models from approximately 25 to 90 km are provided
; :ymbining data from five recent satellite experiments (Nimbus-7 LIMS, Nimbus-7 SBUV, AE-2
' SAGE, Solar Mesosphere Explorer (SME) UVS, and SME IR). The results include the latest
improvements {n the SBUV algorithms using the most recent estimates of ozone cross
sesttons. Also, the latest refinements in SME algorithms are incorporated. These algorithm
{mprovements have {mproved agreement between the gatellite data sets. Standard deviatlions !
are provided of monthly zonal means, and an estimate of the {nterannual variability is
2iven. The models based on satellite data compare well with the Krueger and Minzner mid- s
latitude model incorporated {nto the U. S. Stundard Atmosphere which is based on rocket and
hilluvon measurements. Other comparisons are shown with Umkehr and more recent balloon
1 data. Models are also provided of total columnar ozone reflecting recent improved estimates
1 of ozone cross section. Informatlon is provided on gemiannual and annual vartations. Other
' aystematic variatlons Iincluding estimates of diutrnal variations in the mesosphere will be
{ncluded {n the CIRA document.

! INTRODUCTION

Since the ozune chapter in the “Draft Reference Middle Atmosphere” was published in MAP
Handtok number 16 fn 1985 (Keating and Young, /1/), a number of results have been obtained
concerning nrcue in the middle atmosphere. The Nimbus 7 SBUV data have been reprocesesed and
archived taking Into account improved ozone cross sections of Paur and Bass /2/,
cilmatologtcal vartations {n temperatures which affect ozone cross sections, and other
factors /)/. Retinements have also been made on the Solar Mesosphere Explorer (SME)

1.27 .o and UV ozone data. The refinements from the SBUV and SME data have been
tncorporated here in updated ozone reference models. We have chosen to use the same six
satellite experiments and same time intervals which we used previously. Therefore the
satellite measurements are restricted to the late 1970's and early 1980's during primarily a
pertod of relatively high solar activity.

“e have also Incorporated various i{mprovements recommended by the COSPAR Task Group on
teference Mlddle Atmoaspheres, by the Ad Hoc Group on Ozone Reference Models for CIRA, and by
athers.  Hetore the final submisslon of the manuscript f{or {ncorporation in the new CIRA, f{t
fs planned thar members of these proups as well as members of the I[AMAP Internatfonal Ozone
fommfssion will be provided the revised document for review and comment.

-’

@ “yer the last 0 years, a number of measurements of ozone in the middle atmosphere have been
CAA aRtitaed from the ground and from balloons, rockets and satellites. Numerous models have
-f} N bapn developed to wommarize various portions of these measurements since detailed knowledge
“}': of the global distribution of ozone {8 important for studies of atmospheric circulation,
>, cyaanic processes, and the radlatton balance and photochemistry of the atmosphere. Space
b ?f:l 4w not allow an enumeration of these wodels here, but a brief description of many of these
) ;f_} nodela a8 well 48 of varlous satellite measurements of ozone are provided by Keating and
A Young /1,4/.

o

" \E The satellite measurements used f{n developing there models are enumerated {n Table 1. Also
v :\; «hown in Table 1 is the pressure range and time tnterval lncorporated for each of the data
;\,\, setg. A deacription of these measurcments, including an assessment of the accuracy and
\{:J preciston of the various {nstruments, is 2iven by Keating and Young /1/.

N

"1\4 : G IRE ]

NN

{1y s




[}
]
f
d
v
a
-

.. g J Ll ek Bl e AR YA I S "M A RS ‘S A Yl d ‘el "

a

T
LS
N - v
"

) f.' Lo G M Keating. D F Young and M € Pus
.

Y
S A We briefly present here updated figures of the ozone reference wodels, examples of the
" wifudl dand sceatannual components of these models, and comparisons of the updated models with

* the Krueget ond Minener model /5/ a6 well as with long-terw bslluon and Umkehr wednureaents.

.f;a MODELS OF TOTAL COLUMN OZONE
.-

“\’ Monthly latitudinal models of total column ozone dre based on the archived first 4 ycars of
i\j . data from the Nlwbus 7 TOMS experiment. The total column ocsone valucs given in Figure 1 are
,NJ 5.5% higher than the TOMS archived data (as of June 1980) (Bhartfa, private communication,
™ lYdo) to be {n falr accord wich the lwproved ozone cross sections of Paur and Buss /27 and
\ with Dobson measurements /6/. Note the high valuce in wld and high latictudes in spring 1in

- the Northern Hewmilsphere and at mid latftudes Lo local egrlns in the Southern Hewlasphere.
_f. Also note the low values in September - October neur BOYS., These low values regflect the

.- ' recently discovered “ozone hole”™ In the Antarctic /7/. The currespunding standard deviation
xf~ in percent of individusl ozone medsurements relative to the zonal mean as well us o weasure
\}' of Lnterannual veriabllity of total column ozone arv provided by Keating aund Young /1L/.

\,: Largest standdrd deviations and largest intefsnnual variabllily dre acen Lo ocdur Lo Lhe '

b “ocune hole.” Farman et als /7/ give evidence that uzone values o ihe victnlty ot the :

¥ “veone hole”™ may have been closer to 300 Dobson units prior to the Nisbus 7 measurcaents. i

A

:-_-'_ MOLELS OF OZONE VERTICAL STRUCTUKE

)

‘:fﬂ The ozone vertical structure wodels of monthly zonal latftudinal varfatfons (10° resolutton)
Sy afc based on the SBUV, LIMS, SAGE, SME-UVS and SME-IR datu indlcated 1a Tuble 1. The 4-year
xf' wean of the SBUV date was given o welght of 2 due to the comblnation of extenslve tewporal
- and spatial coverage, whlle the other shorter daty sets were vach glven o weight ot ..

4 Although there {s interannual varisbility, comparsion of the SBUV datd over the 4-yecar
:: period of wedsurements shows 4 remarkable similarity of structure from yedr to year. For

. ¢xample, shown In Figure 2 s the vertical structure at 0°, 20N, 4U“N und bU“N tur Novewber
; of 1978, 1979, 1980 and 1981. Note how the 0° and 20°N profiles cowe Cogethel near 4 wh.

A The bOPN prottles changes In each case from the lowest prutile at 4 wb tu the highest at 1.9

; -:.:- wo.

L

Shown in Figure 3 is the interannual variability of zonal wedan ozone expressed as standard
deviation (1o percent) relative to the mean of 4 yedrs of SBUV data 48 o tunctiovn of

) ' pressure and lacitude for the months of November and July. As tndicated in the previous

.:¥; flpure, the interdnaual varlability of zonal means in Noveamber ts very low, pencerally less !

Y than 4%. Ln contrast, the month of July gave the largest variabitlity over this 4-ycar H
A period with the waxinoum variubility occurring ot high winter latitudes. The luterannual ;
2:: variabllity appears to be strongly related Lo qQuasibienntal owsclllations. '
" Shown Lin Flgure 4 1s the average gtandard deviatlon (in percent) of the fndividual data

) polats making up the monthly zonal means based on the 4 years ot SBUV ddta. The standard |

. devidtions are shown as & function of latitude and pressure and appear constderably }
s ditterent frow the interannual vartability displsyed ia Figure 3. Minfwum standard :
“:' deviations occur near the equdator and in the summer hemlsphere. Standdrd devidtions can !

‘:;f excued 152 at high latitudes and result from substantial longitudinal vdriatlious ia ozone as |

well as changes in the zonal means during the wonthi. The patterns fur fndividual years lovk

. very sloflar to these wedn pattetus.
- 7 Shown {n Figure 5 {5 an example of the agreement between the flve data sets used to generate
s wodels of the ozone vertical structure from 20 mb to 0.003 wb (~25 to 9V Wuw). Note that the
B wlxing ratlo is displayed on 4 log scale to allow accurate representation vl the two vrders
‘:mj of wagnitude varidtion over this altitude range. 1t should be recognized that edch data vet
Y tepresents entlcely different techniques of wmeasuring the vertical structure of ozone. The
¢:J agfuement shown here Ls falrly representative., CGenerally the SBUV ozone valuvs redetermined |
') with the lmproved ozone cross seccion glve beCter agrecment with the LIMS and SAGE duta sels

than the carlicer verstiun.

@

Monthly updated tables, tncluding the data refinements as a function of pressure and
altitude with 10° rewolution tn latitude, are provided by Keating and Piltts /8/. Shown {(n
Figure o arfe Lhe rfesulting ozone dfstributious tor the equinox and solstice muntha. Froa
the tubles, detalled inturmation concerning the annual eud semlannual varlations ol ocune
afv avallable. For exdmple, Filgure 7 shows the annual varlation at

W 50YS and 50°N over the entire range of altitudes from 25 to 90 ka. Notice the asymaetries
' between the two hemispheres. Shown in Figure 8 1s the semiannual variation at 30YS and
v

»

RS

3U”H tur the entire range of altftudes. Note the symametry fu the low latitude vartstions in
the two huatdpheres and the evideace of wave propagatiou froa the mesosphuere down into the
slrfdalomphere.

Shown in Figure 9 1s the vertical structure of global mean ozone (weighted by cosine of
latttude) dnd the maxioum and minimum extremes of the values tabulated tn Keating and Pltte-
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Ozone Reference Models for CIRA (tnin?

COMPARISON OF MODEL WITH BALLOON, ROCKET, AND UMKEHR MEASUREMENTS

[t {s of interest to compare the ozone vertical structure model provided here, which {e
based on gatellite measurements, with ozone measurewents obtained by other techniques. The
Krueger and Minzner annual mean ozone reference model of 45°N /5/ based on balloon and
rocket data has proven to be very useful and is included in the U. S. Standard Atmosphere,
1975. Data from rocket soundings in the latitude range of 45°N % 152, results of balloon
soundings at latltudes from 41°N to 47°N, and latftude gradfents from Nimbus 4 BUV
observations have been taken Into account to estimate the annual mean concentration and {ts
variabtlity up to heights of 74 km for an effective latitude of 45°N. Shown in Flgure 10a
{s a comparicon of the vertical structure of the annual mean volume mixing ratio given by
Krueger and Minzner with that of the annual wmean determined by averaging the monthly values
at 40°% and 50°N based on the model given here which 18 tabulated in Keating and Pltts

/8/. As may be detected, there is good agreement between the balloon and rocket measurement
wodel and the satellite measurement model. The satellite-derived volume mixing ratios are
slightly lower below 0.5 mb than given in the earlfer satellite model [/1,4/] due to the
teproved absorption coefficients. Shown in Figure 10b are the percent differences of the
Xrueger and Mlnzner model from the satellite measurement model. Below altitudes of 0.2 mb,
the agreement 18 penerally within 10%. Above 0.2 mb, differences as large as 45% occur, but
all differences at all levels are within the error bars indicated in the Krueger and Minzner
adel. Both models give maxiaum mixing ratios neat 5 mb.

Shown Iin Figure 11 {8 a comparison of the annual mean vertical ozone distribution from
ozonesonde data from Hohenpelssenberg (FRG) (ABON, 11°E) over the period 1967-1985 and {rom
Thalvil-Payerne (Switzerland) (47°N, 7°E) over the period 1967-1982 with the 47.3°N zonal
average annual mean based on the gsatellite data. Also, the annual mean vertical structure
of Uokehr data from Arosa (Switzerland) (A7°N, lOoE) 1955-1983 {s compared. These data were
generously provided by R. D. Bojkov (1986). Considering that the ozonesonde and Umkehr data
do not represent a zunal average but do represent conditions over a perlod of many years,
the agreement {8 very good. Comparisons month by month of the ozonesonde data show better
than 10% agreement with the zonal mean mixing ratios, but show evidence of local phase

shifts relative to the zonal mean annual variations.

CONCLUSIONS

Incorporating data based on improved algorithms has improved agreement between the satellite
data sets used to develop the ozone models described here. Good agreement is also shown
between these models based on satellite data and various mets of rocket, balloon, and Uwmkehr
data. Because of space limirations, only a portion of the material to be included in the
CIRA ozone reference model 18 presented here. Updated tables may be found in /8/.
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Table 1, Satellite data used for interin
reference osone wmodels.

Incorporated lacorporaced
lnstrusent Pressure Range Time Intervel
NIMBUS 7 LD 0.5 - 20 mb 11/78 = 5/79
RIKBUS 7 SBUV 0.5 - 20 mb 11/78 ~ 9/82
AE -2 SAGE 5~ 20mb 2/19 - 12779
SHE UVS 0.07 -, 0.5 mb 1/82 - 12/83
SHE IR 0.003 - 0.5 mb 1782 - 12783
NIMBUS 7 TOUS T0TAL 11/78 - 9/82

ubE (DEG)

LRT]
&

MONTH

Figure 1. Zonsl mean of total column ozone
(Dobson units) as 8 function of latitude
and month,
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A PROPOSED INTERNATIONAL TROPICAL
REFERENCE ATMOSPHERE UP TO 1000 km

M. R. Ananthasayanam and R. Narasimha*

Department of Aerospace Engineering, Indian Institute of Science, Bangalore
500 012, India
*Also National Aeronautical Laboratory, Bangalore 560 017, India

ABSTRACT

Motivated by the need in many aerospace applications for a
meaningful reference atmosphere characteristic of the whole of
the tropics in both the northern and southern hemispheres of the
globe, a proposal was made earlier by the authors for altitudes
up to 89 km. This proposal is here extended up to an altitude of
1868 km. The proposal is based on balloonsonde, rocketsonde,
grenade, falling asphere and satellite data in the range 0 to 100
km, and on the MSIS- 83 model from 100 to 1008 km. The proposal
consists of linear segments in the temperature distribution with
values in degrees Celsiua of 27, -9, -74, ~5,-5, -74 and -83.4 at
geopotential altitudes of @, 6, 16, 46, 51, 74 and 84.69 km (= 86
km geometric altitude) respectively, beyond which the description
is in terms of geometric altitude. A linear segment between 86
and 97 km with a lapse rate of 8.6°C/km is followed by an
elliptic variation commencing with a temperature gradxent of zero
at 97 km to reach at 110 km a temperature of =45°C with a
gradient of 15°C/km. This gradient remains constant up to 124 km
where the temperature is 125°C, Beyond 120 km the temperature
distribution follows a Bates type of profile up to 1088 km to
reach a value there of 760°C. A sea level pressure of 10612 mb and
an acceleration due to gravity of 9.78852 ms corresponding to
the Tropic of Cancer are used in the preparation of the
atmospheric tables.

INTRODUCTION

With the presently avalilable meteorological data it 1is now
possible to characterise atmospheric conditions typical of a
season, month or even a day. However, a standard atmosphere
representative of the mean annual conditions is still essential
for many aerospace applications. - An International Standard
Atmosphere (ISA: see /1,2/) valid for wmid-northern latitudes
specified upto 32 km, and its proposed extension to higher
altitudes (such as in /3/), have been formulated for meeting
these needs.

The authors have previously discuassed at length /4 to 7/ the
problems of defining atmospheric standards for India and the
tropics, and have shown that it is possible to specify a suitable
Indian Standard Tropical Atmosphere (ISTA) and an 1International
Tropical Reference Atmosphere (ITRA), valld up to 8@ km and about
39°N in latitude. None of the astandard or reference atmospheres
formulated earlier /B to 15/ for the troplcs has covered the
above latitude and altitude range, 1In the present work ITRA is
extended to an altitude of 1¢4d km, The 3ubsequent sections
discuss the accuracy and conslstency of the data available for
use in formulating the present proposal.
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DATA BASE FOR ITRA UP TO 102089 KM

The present reference atmosphere is developed in four parts,
namely,

{1) an the troposphere and lower stratosphere, using
balloonsonde data,

(1i) in the upper stratoaphere, utilising rocketsonde data,

(111) 1n the mesosphere, considering grenade, falling sphere and
the Nimbus satellite data, and

{iv) in the thermosphere, based mainly on the MSIS-83 model.

Table 1 shows the details of the available data and their
aources.

REMARKS ON THE QUALITY AND CONSISTENCY OF DATA

Troposphere and Stratosphere

As discussed in /7,16/ the post-197@ balloonsonde data of the
India Meteorological Department ag also the Monthly Climatic Data
tor the World /17/ for the American stations wup to 280 km are
consistent, Further the rocketsonde data up to about 5@ km from
various countries, in particular the USSR and USA which have
provided the data for a large number of stations /14,18,19/ over
the globe, are consistent and thus can be used for proposing the
reterence atmosphere. Beyond about 50 km there are unresolved
differences /20,21,22/ among the above rocketsonde data, perhaps
due to the exposure of the thermistor probes to the tree-
molecular conditions around 59 km and above,

Mesosghere

ror the higher altitude range of about 58 to 188 km we have used
the falling sphere and grenade data /22 to 26/. These data ore
Jenerally consistent among themselveas and possess an accuracy of
about 2 to 3°C. smith et al /23/ report pitot data as well, but
these lead to temperature values which are about 5°C higher on an
averaqge from the grenade data for the low latitude stations such
a3 Ascension & Natal (see Table l); as the reason for this
discrepancy 13 not clear we have not considered the pitot data.
Data in this altitude range are not as extenaive as one would

a .l ‘l .l
t % 3 s e B
S LN

- wish but are nevertheless just adequate to propose a reasonable
.. reference for describing the mean annual conditions. The most
s crecent Nimbus date /27/, worked out from the radiance values, are
!L guite consistent with the present proposal from about 5¢ to 76 km
5 as shown in Figure 1. However, beyond this altitude the satellite
o values are higher than the falling sphere and the grenade data,
J: and the reason for this is not yet clear.

ﬂ; Thermosphere

"

- In thisa region, most grenade or falling sphere data are available
.'1 up to about 149 km., Beyond this altitude the number of soundings
- 13 very small., FPurther beyond about 89 km one has to specify in
;,: any reference atmosphere the varying concentration of the various
S, species, which have to match with the conditions that may be
.}2 specified at about 128 km by a suitable thermospheric model such
. a3 in /28 to 31/. These problems are diacussed in greater detail
u:- later. For the present work we have used the MSIS~83 model /36/

for the above purpose.
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THE PHYSICAL CONDITION OF THE ATMOSPHERE FROM SEA LEVEL
TO 1dJI9 KM

From sea level up to an altitude of about 85-86 km, air is known
t> be in a thoroughly mixed condition and thus the relative
crncentrations of the various congtituents do not change, Up to
this he21gnt the atmosphere can be described in terms of the
malecslar acale temperature Ty, versus the geopotential altitude
4. ©U3inj the relation between temperature and altitude one can
waork out the pressure, density and other atmospheric properties.

deyond  about 85 km molecular dissociation commences, and above
LN okmonslecular diffusion predominates, and so air can no longer
be tr2ated a3 a perfect gas. It is then necessary to specify at
eich  level the varying concentrations of the different aspecies
congtituting air. As in /3/, the description at and beyond 86 km
i3 1n tecrms of the kinetic temperature T, versus the geometri:
altitude I. In this region the vertical denslity profile n;(Z) of
tne atmospheric constituent 1 as given in /3,32/ is

\'\1(2) “1(20)(T(Zo)/T(Z))I(K/(Di”()'H)I(Di/(Di*K)'”i)

S d 1nT/d2.0; /(D +K),1)I{V;/(Dj+K),1) ...(1)
z
exp (:/Tx/y)dz) oo (2)
z

ani I, is taken go be 86 km as in /3/. The K and D are
respectively the height-dependent eddy and molecular diffusion
coefficients; H and H; are the scale heights for air and each of
1ts constituents and ; is the species thermal diffusion
covfficient., The first three integrals in Egn(l) refer to mixing
and Jdiffusive processes, The so-called flow term denoted by the
fourth integqral has to account for the complex <chemical and
transport processes which occur in the above region of the
atmosphecre /33 to 35/, However, 1in developing a reference
atmdosphere that should be capable of being generated easily for
comparison with experiment and be useful for analytical studies,
one has to look for reasonable assumptions which simplify the
approach. For this we assume that the turbopause level for the
various species terminates sharply at a height of 2 i The
flow term is more complicated than the mixing and éxffusion
terms., For this we propose a simple form such as

where 1{x,y)

V,/(D+K) = a; ((120-2)(2-86)}2 ED

where the a; are adjustable parameters to be so chosen that the
particular species concentration values at 123 km are close to
the average values for low latitudes from the MSI1S-83 model. The
rajor constituent N, is assumed to be in complete diffusive
equilibrium above 1its turbopause height. Thus once the
temperature distribution i3 specified the N, number density
diatribution can be worked out. In fact we adjust T(2Z) such that
the value for the number density of nitrogen at 120 km matches as
closely as possible with the value from the MSIS-83 data. Thus
the wvalue of its a; = @. The atomic oxygen is strongly governed
by the chemical and transport processes, but as we shall discuss
Below  its distribution is dealt with differently, Thus the aj
need to be chosen only for Molecular Oxygen, Argon and Helium.

Beyond an altitude of 128 km the various species constituting air
are asaumed to be in diffusive equilibrium. The MSIS-83 model in
fict apecifies the conditions of the temperature, its qgradient at
this altitude as also the temperature profile from 85 km up to an
axagpheric altitude of 1833 km for varying latitude and
seasonal, daily and hourly

isnjitude, and solar, magnetic,
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conditions; this is uaed to extend ITRA up to 12¢d km.

If the temperature distribution known a3 the Bates profile /36/
i3 wrltten a8

T(2) = TE - (TE - lea) exp ('SZ') cee(4)

where Tg, T),, are respectively the temperatures at 1009 km and
at 128 km, with

z! (2 - 120) (Rg + 120) / (Rgy + 2),
3 = (dT/dZ)Z.120 / (TE - leg)l

the radius of the Earth,

and R,

then the number density can be expressed in closed foram /36/ as
ni(z) = n (120) (1) ,g/T(2)}I*Ci* /887D oipigzry) L. (5)

with Hit = (RgTg)/(mjg(l28)),

the argument of g{(.) referring to the altitude.

PROPOSED INTERNATIONAL TROPICAL REFERENCE ATMOSPHERE
{ITRA) UP TO 1888 KM

The philosophy adopted by the authors /4,5,6/ in proposing the
reference has been that it should

(a) be reasonably close to mean conditions,
(b) within the range of variation inherent in the atmosphere over
the space and time which it describes and the uncertainty in

the data, be as simple as possible,

(¢) adopt, where no physical principles are violated, as many of
the parameters in the ISA as possible, and

(d) be dynamically consiatent,

Temperature distribution with altitude

Usually straight line temperature distribution with altitude is

o used. This ia done aince a closed form integration for obtaining

X the atmospheric propertiea is then posgsible.

- As indicated 1in /6,7/, the proposed standard has a sea level

( temperature of 27°C and a lapse rate of 6°C/km up to 6 km ({which

< ia lower than the ISA value but is characteristic of the humid

y tropics) and 6.5°C/km (as in ISA) from 6 to 16 km, the tropopause

J height where the temperature is ~74°cC. In the atratosphere, a
'Q] single lapse rate of -2.3°C/km all the way up to a stratopause
K height of 46 km, with a temperature of -5°C, was found to fit the
t: data very well /6/. Though this temperature is somewhat higher
ke, than indicated by the Thumba value, we consider it appropriate

‘ because of the fact that the stratopause tewmperature {ncredses
R with increasing latitudes. The available data in the mesosphere
i) indicate that the conatant temperature stratopause extends up to
ne 51 ka, Considering the differences betweun the geopotential and
ey geometric height which is of the order of about 1 km, it turns

N cut that the above level for the end of stratopause is more

:: appropriate than the value of 52 km in our earlier proposal /7/.
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In the mesosphere it should be noted that inversions occur during
some months and there are also well known double mesopauses with
different temperature values as well, However the mean annual
conditions can be specified in a simple way as shown in Figure 1.
Due to the sparsity of the data, we have considered stations at
both low and high latitudes, which indicate the latitudinal
variation and thus help in formulating the present reference
atmosphere for the tropics. 1In the present proposal a constant
lapse rate of 3°C/km from 51 km to 74 km leads to a temperature

ot =74°C (as at the tropopause!l), The Wallops Island and the
Churchill data /23/ indicate that the latitudinal variation is
weak (atleast between 50 and 85 km). Further, up to an altitude
of 79 km, excellent agreement exists for the present proposal

e e WYY TR R e A e~

with the Nimbus data /27/ averaged over 38 S to 39 N in latitude.
Alao the present proposal up to about 7% km is consistent with
the wvarious monthly reference atmospheres for the northern and
southern hemispheres as proposed in /14/,/15/ respectively.

detween 83 and 1900 km it is once again expedient to go by the

variations between low latitude and mid-latitude station data.

From fFigure 1 one may note that the Ascension 1Island data

indicate some kinks but the Kwajalein data are smooth, but beyond "
199 km these are based on only three soundings. The MSIS-83 '
model data show much higher values than the Kwajalein data around

85 km., Thus, considering the latitudinal varlations between the

station data of Kwajalein, Wallops and Churchill we find that it

13 best to have from 74 km altitude a lapse rate of ©0.69C/km

{7eopotential) up to a geopotential altitude of 84.69 kxm {= B6 xm

gecmetric height) and later conce again a lapse rate of 2.6°C/km x
{(geometrical) between 86 and 97 km of geometric altitude,

PP,

In the altitude from about 108 to 120 km we noticed that the MSIS
- 83 data averaged over the range of magnetic index A_ = & to 19
and solar activity index F 7= 75 to 225, is close Po its value
= ! for AP = 4,3 and 1.7 = 1%8, Further the above is averaged over
: 33 S to 30 N. These averaged model data are also given in Table
1. 1In the present proposal the temperature variation has been
chosen close to such latitudinally averaged MSIS data which leads
to a value for the number density of nitrogen close to MSIS - 83
value at 120 km. Thus the minimum temperature in the present
proposal in the mesosphere is -806,4°C at 97 km and the subsequent
rise in the temperature in the lower thermosphere is described by
} an elliptical distribution which has a temperature of -~45°C at
b 113 xm where the qradient reaches the value 15°C/km, Subsequently
! the tempecature increases at the same rate up to 120 kxm where it
reachrs a value of 185°C. Pigure 2 shows ITRA between © and 1273
km. A similar procedure indicates a choice of 768°C (=1833.15°K)
at 18J0 km.
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Distribution of nitrogen

) This 1is obvious as explained in the previous section since the
-, temperature distribution from about 74 km up to 123 km has been
- 30 chosen as to match the value of the apecies number density at
. ' 120 km. The assumed turbopause helight is at 105 km for this
. constituent.

e ’ Distribution of atomic oxygen

i A perusal of the data in the literature /37,38,39/ shows two
i thinys very clearly regarding this constituent. The f(irst 1is
| that it follows very closely the Chapman distribution whoae form
13

; [0) = [0) .exp 1/2 [1=(2-2,)/SH - exp{(2-2,)/SH}] ...(6)
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where [Olm i3 the value of the pesk concentration located at 2.,
and SH i3 the shape factor. Offerman et al /37/ have shown for a
- large aumber of experimental deta that Lhe above peok atowmic
. oxygen concentration corrvrelates with the total column density of
}* atomlic oxygen up to an altitude of 114 km. From their
. correlation plot we have interred that the value for the shape
o factor should be 5. It may be mentioned that the value trom /3/
ER shown in  their Figure (somewhat away trom the correlation
o relation) would require a shape factor of S5.5. Purther the above
body of data also indicates Z 2 to be around 97 km, 80 wu Cchoose
thi3d  value. Within the limlits of the variability ot the atomic
N oxygen as noted in the various experimenty the above cholces tor
}: SH and 2 seem reasonable to describe the variaticn ot the atomic
oxygen between 86 and 1290 km.

Distribution of molecular Oxygen, Argon and Helium

These are calculated by choosing suitable values for the various
a; in Egn (1) so that their concentrations match with the MSIS-
55 model values at 120 km, The assumed levels of the turbopause
tor these species are respectively 105, 1¥5 and 95 km a3 1n the
M3IS-83 model. With a given value of the concentration at 128 km
it has been noticed by us that any choice of the turbopduse
helght for the first two species between 95 and 105 km does not
; substantially affect their distribution between 86 and 128 km,
= But tor helium which is very light it seews uwore appropriate to
.... use the lower value namely 95 km for getting a suitable
> description, Figure 3 shows the distribution of the wvarious
> - species in ITRA from 8¢ to 128 km,

. Mean sea level pressure

- As discussed in the earlier paper /7/ a sea level pressure of
lyld wb has been chosen based on the aouthern and northern
hemispihere tropical data from /40/ for the years 1951 to 1960 for

. nearly 200 stations. This value of the sea level pressure is

- somewhat lower than the mid-latitude value of 1013.25 mb in ISA.

SN Acceleration due to gravity (g)
;{ For this we suggest a velue corresponding to the Tropic 05
o~ Cancer, which from Lambert’'s formula in /41/ is 9.,78852 ms”

(truncated to five decimal places).

'I

TABLE 2: DEFINING PARAMETERS AND CONSTANTS FOR THE PROPOSED ITRA

- e e e = " - = " = T - - " = = = Ay = - = - = - o —

Geop Alt (km) © 6 16 46 51 74 84.69

.- Temp (°C) 27(6.0)-9(6.5)-74(-2.3)-5(0,8)-5(3.0)~74(0.6)-80.40
® Geom Alt{km) 86 97 110 120 1008
o

" Temp (°C) -80.4 (8.6) -87 * =45 (-15) 185 ** 760

S e e m o — et e o m m m 8 8 e e = 2 2m 0 4 e o e
-~

J: The bracketed quantities denote lapse rate in °C/km. The (%)
u denotes an elliptical variation of temperature distribution,

- commencing with zero gradient at 97 km and ending with a gradient
’ of 15°C/km at 118 xm, and (**) indicates a Bates type of protile
- commencing with a gradient of 15°C/km at 120 km and ending with
> 10838 km.

-

: Sea level pressure = 1010 mb ;

<,

- -

? Acceleration due to gravity = 9.,78852 ma 2
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Constituent N, [¢] 0, Ar He
Zpy 195.0 - 195.9 195.9 95.0
n(lZZ)/m3 3.261+17 B8.808+16 2,90+16 1.10+15 2.40+13

The molecular weight, the ratio of the specific heats of air,
the gas conatant, and the other conatants for the transport
properties are assumed to be the same as in /3/. The atmospheric
properties for the proposed ITRA are provided in an abridged form
in Tables 3 to 6,
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TABLE 3: ATMOSPHERIC PROPERTIES OF ITRA (SI UNITS)

70320
72000
743350
764500
74330

45039
32300
44500
14630

53630
61680
63720
65770
67420
69889
71940
74030
74100
78150

BO170
82160
44120
B4799

245.15
249.75

254.35
258.95
263.55
268.15
268.15
268,15
265.15
259,195
253.15
247,15

241.15
235.15
229.15
223.15
217.15
211,15
209.15
193.15
197.95
196.75

199.55
194.35
193,15
192,73

6.290
4.886
3.750
2.8137
2.113
1.547
1.110
7.914

—_t RN NN NN R

5.684
4.112
2.995
2,196
l1.621
1.203
8.988
6.750
5.097
l.869

2.952
2,203
1.743
1.349
1.046
8.110-1
6.284-1
4.845-1
3.7112-1
2.826-1

[=NeoNolalNe]

2.137-1
1.605~1
1.197~1
8.850-2
6.492-2
4.721-2
1.402-2
2.428-2
1.722-2
1.219-2

8.609-3
6.068-3
4.267-3
3.776-3

C OO O r pet

L]
e

RATIO

J.712-1
2.809-1
2,093-1
1,532-1
1.099-1
7.836-2

5.628-2
4,.071-2
2.965-2
2,175=-2
1.605-2
1.192-2
8.899-13
6.683-3
5.047-3
J.831-3

2.923-1
2.241-3
1.726-3
1.335-3
1.035-3
8.030-4
6.222-4
4.797-4
1.675-4
2,798-4

¢.116-4
1.589-4
1.185~4
8.762-5
6.428-5
4,675-5
3.369-5
2.404-5
1.705=-5
1.207-5

8.524-6
6§.008-6
4.225-6
3J.738-6

DENSITY

1.942-1
1.353-1

9.503-2
6.726-2
4.796-2
J.444-2
2.490-2
1.812-2
1.327=2
9.776=3
7.244-3
5.397-3

4.043-3
3.045-3
2.304-3
1.752-3
1.359-3
1.054-3
8.256-4
6.512-4
5.108-4
3.984-4

3.088-4
2.378-4
1.819-4
1.382-4
1.042-4
7.790-5
5.777-5
4.247-5
3.031-5
2.158-5

1.534-5
1.088-5
7.697-6
6.824-6

DENSITY
RATIO

1.154-1

8.107-2
5.738=2
4.091-2
2.938-2
2.124-2
1.946-2
1.132-2
8.339-3
6.179-3
4.604-3

3.449-3
2.597-3
1.966-3
1.495-3
1.159-~3
8.988-~4
7.043-4
5.5956-~4
4.3508-~4
3.398-~4

2,.634-4
2.029~4
1.552~4
1.179-4
8.885~5
6.645~5
4.929-5
3.623-5
2.585-5
1.841-5

1.308-5
9.278-6
6.566-6
5.822-6

SONIC
VELCTY
(v/s)

291.99
282.90
286.15

289.36
292.54
295.648
298,79
301.87
304.92
307.93
310.92
313.88
J16.81

119.71

UNIT REY
NUMBER
(s/m“)

4.800-1
3.362-1
2.373-1

2.514-3

1.988-3
1.563-3
1.221-2
9.482-4
7.312-4
5.59%-4
4.255-4
3.20R-4
2.301-4
1.647-4

1.177-4
8.391-5
5.969-5
5.303-5




h Senm— T
..
..J:' cupils M. R. Anuihasayanam aid R. Narasimha
.
- TABLE 4: ATMOSPHERIC PROPERTIES OF ITRA (SI UNITS)
L
»  edcecmecceccccceccec———— crcreeaa ermmereme e et ———mm e e———m————————
h PRESSURE GEOPT NUMBER MEAN MEAN HEA N DYNAMIC KINMATIC THERMAL
ALT DENSITY PARTICLE COLLSN FREE VISCTY VISCTY CONDVTY
! -3 SPEED FE?Q PATH 2
) (md} (m) (m ") (ms 7} (m) kg/{m. 8; (m®/s) N/(m <)
. 1.010 3 Q0 2.437 25 4.684 2 6.758 9 6.931-8 1.847-5 1.575-5 2,626-2
8.500 2 1500 2.114 25 4.614 2 5.774 9 7.990-8 1.,804-5 1.774-5 2,556-2
7.000 2 3130 1,802 25 4.535 2 4.837 9 9.376-3 1.757-5 2.027-5 2.479-2
S.000 2 5820 1,366 25 4.403 2 3.559 9 1.237-7 1.677-5 2.953-5 2.350-
. 3J.000 2 9610 9.029 24 4.195 2 2.242 9 1.871-7 1.551=-5 3.4971=-% 2.151=-2
e
> 2.000 2 12360 6.502 24 4.036 2 1.553 9 2.598-7 1.455-5 4.653-5 2.002~2
> 1.500 2 14190 5,152 24 3.926 2 1.197 9 3.279-7 1.390-5 5.609-5 1.902-2
R4 1.000 2 16610 3.612 24 3.829 2 8.186 d 4.676=7 1.332-5 7T.00b6=5 1.81l4-2
_{ $.000 1 20790 1.723 24 3.919 2 3.998 8 9.803-7 1.386-5 1l.072=-4 1l.89u=-2
NS J.000 1 23990 9.990 23 3.988 2 2.354 B 1.691-6 1.420-5 2.909-4 1.954-2
[ 2.000 1 26610 6.481 23 4.042 2 1.551 8 2.607-6 1.459-5 4.682-4 2.008-2
: 1.000 1 31260 3.092 23 4.138 2 7.574 7 5.464-6 1.517-5 1.,020-3 2.098-2
;ﬂ- 5,000 U 30140 1.475 23 4,236 2 3.699 7 1.145-5 1.4576=-5 2.221-3 2.190-2
. 2.000 0 42940 5.548 22 4.369 2 1.435 7 3.045-5 1.656-5 6.206-3 2.317-2
- 1,000 0 48350 2,701 22 4.427 2 7.07¢ 6 6.255-5 1.691-5 1.302-2 2.374-2
“ $.000-~1 53760 1,394 22 4.358 2 3.596 6 1.212-4 1.650-5 2.461-2 2.307-2
- 2.000-1 60470 6,043 21 4,186 2 1.497 6 2.796-4 1.546-5 5.318-2 2.143-2
l 1.000-1 55200 3,212 21 4.06! 2 7.719 5 S5,261=-4 1.470-5 9.5lu=-2 2.025-2
. $.000-2 69640 1,207 21 3.939 2 3.979 5 9.899-4 1.397-5 1.702- 1.913-2
L
) 2.000-2 75130 7.300 20 3.809 2 1.6406 S5 2.314-3 1.320-5 3.759~-1 1.796-2
1.000-2 79140 3,695 20 3,786 2 8.279 4 4.573-3 1.306~-5 7.350-1 1.775-2
Y 5.000-3 83100 1,870 20 3,763 2 4.165 4 9,034-3 1,292-5 1.437 0 1.7%5-2
\ 3.776-~3 84690 1.419 20 3.753 2 3.153 4 1.190-2 1,247-5 1.885 0 1.747-2
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TABLE 5: VARIATION OF SPECIES CONCENTRATIONS (m™3) WITH ALTITUDE
ALT TEMP NITROGEN ATOMIC MOLECULAR ARGON HELIUM
{km) (%K) OXYGEN OXYGEN ]
____________________________________________________________________________ {
86,39 192,73 1.108 20 2.987 16 2.972 19 1.325 18 7.435 14 A
87.39 192.13 9.353 19 5.961 16 2.509 19 1.119 18 6,267 14 il
88,09 191.53 7.833 19 1.854 17 2.114 19 3.432 17 5.274 14 ;
89,90 199.93 6.657 19 1.650 17 1.777 19 7.939 17 4.425 14 L
39,94 199.33 5.612 19 2.339% 17 1.488 19 6.668 17 3.699 14
91.29 189.73 4.728 19 3.856 17 1.242 19 5.586 17 3.479 14
92.33 189,13 3.982 19 3.736 17 1.031 19 4.668 17 2.551 14
93,94 188.53 3.352 19 4.325 17 8.529 18 3.889 17 2,192 14
34,09 187.93 2.828 19 4.788 17 7.020 18 3,230 17 1.723 14 i
N, a5.0¢ 137,33 2.372 19 5.119 17 5.75@ 18 2.675 17 1,406 14 ¥
o~ 96,00 186.73 1.993 19 5.294 17 4.689 18 2.218 17 1.312 14
- 37 .32 186.13 1.675 19 5.351 17 3.808 18 1.829 17 1.23% 14
\{ 98,09 186.29 1.491 19 5.301 17 3.869 18 1.490 17 1.155 14
N 93,32 186.77 1.174 19 5.166 17 2.462 18 1.216 17 1.076 14
~ 199,08 187.58 9.766 18 4.967 17 1.969 18 9.9090 16 9.989 13
- 191,39 188,73 8.143 18 4.723 17 1.570 18 8.044 16 9,242 11
) 132,99 194.24 6.785 18 4.452 17 1,250 18 6.528 16 8.531 13
NG 1d3.9¢ 192.15 5.652 13 4.165 17 9,937 17 5.293 16 7.862 13
o 184,00 194.59 4.737 18 3.873 17 7.900 17 4.291 16 7.238 13
- 105,94 197.16 3.929 18 3.583 17 6.283 17 3.479 16 6.660 13
[ j 136,20 230.83 3.289 18 3.392 17 4.924 17 2.665 16 6.129 13
"~ 197 . v 299,98 2.745 18 3.833 17 3.861 17 2.035 16 5.643 13
138,99 214.38 2.294 18 2,778 17 3.0833 17 1.556 16 5.197 13
107,99 217.38 1.913 18 2.539 17 2.385 17 1.192 16 4.785 13
119a.0v 228.15 1.579 18 2.317 17 1.865 17 9.073 15 4.385 13
111.a0 243,15 1.294 18 2.11@ 17 1.454 17 6.890 15 4.833 13 -
112,49 258,15 1.473 18 1.928 17 1.154 17 5.338 15 3.683 13
113.99 273.15 8.999 17 1.745 17 9,304 16 4.198 15 3.415 13
114,292 298,15 7.615 17 1.585 17 7.611 16 3.351 15 3.190 13
115.99 333,15 6.5048 17 1.438 17 6.310 16 2.71@ 15 3.003 13 5
116.99 318,15 5.590 17 1.305 17 5.296 16 2.219 15 2.841 13 /!
117,99 333,15 4.842 17 1.183 17 4.495 16 1.836 15 2.706 13
118,49 348.15 4,220 17 1.072 17 3.853 16 1.535 15 2.599 13
1i9.92 363,15 3.7080 17 3.715 16 3.331 16 1.295 15 2.4%0 13
120,40 378.15 3.261 17 8.800 16 2,900 16 1.188 15 2,400 13
244,09 425,92 3.525 15 4.515 15 1.869 14 2.530 12 8.346 12 .
Jdd.3d 0 1921, 28 1.459 14 7.023 14 4,988 12 2.812 19 5.063 12 ]
- 429,90 1831.75 8.101 12 1.341 14 1.838 11 4.576 8 3033412
o 599,03 1v32,97 4.995 11 2.731 13 7.626 9 8.613 6 2.23% 12
. £93.09  1433.13 3.345 19 5.838 12 3.476 8 1.823 5 1.521 12
® 743,94 143315 2.420 9 1.301 12 1.731 7 a.308 3 1.045 12
N 809.93  1333.15 1.884 8 3.927 11 9.371 5 1.130 2 7.25% 11
& 333,09 1913.15 1.574 7 7.332 19 5.500 4 3.280 @ 5.087% 11
’. 1823.09  1933.15 1.4087 6 1.846 10 3.487 3 1.048 -1 3.604 11
k" ,
o
J.l
J M
® :
-
'.
R~
.
-
-~
R
‘- f
. |
o)
. 3




ST T - -
.~:a
N \v: -
-
ﬁ'.: (lujis MR Ananthasayanam and R Natasuniba
.
? TABLE 6: ATMOSPHERIC PROPERTIES OF ITRA FROM 86 TO 1000 KM
) ’A ............................... - - - e e i E e mEE e EEE .. .-
‘\% ALT TEMP ACCN PRES NUMBER MEAN MEAN MEAN MEAN
': ) GRAV SCALE DENSITY PARTCLE coLL tREE MOL
i HT SPELD FREQ PATH Wi
-0 (km) (°K) (ms™2) (k) (m~3)  (us~1) (s™%) ()
\\... """"""""""" seTSSeses bt Sttt et
! du.0 192.73 9.528 5.81 1.419 20 375.4 3.15%2 4 1.191-2 28.96
. - 87.0 192.13  9.52% 5.79 1.198 20 374.8 2.658 4 1.410-2 ly.9>
. - By .0 191,53 9.522 5.78 1.011 20 3J74.3  2.240 4 l1.t71=-¢ 2¥.9u
’{: 89 .U 190.93 9.519 5.76 8.529 19 373.8  1.8487 4 1.981-2 24.93
. - 93,3 190.33 9.510 5.7 7.190 19 373.4 1.589 4 2.350=-2 e.9l
:J. »1.0 tv9.73 9.514 5.74 0.056 19 373.0 1.337 4 2.790-2 2v¢.uH
~ e 2.0 189.13 9.511 5.73 5.098 19 372.6 1.124 4 3.314-2 28.064
M 93.0 148.53 9.508 5.73 4.287 19 372.3  9.448 3 J3.941-2 28.79
. 44.0 187.93  9.505 5.72 3.602 19 372.1  7.934 3 4.690-2 28.74
. $5.0 197.33 9.502 $.72  3.025 19 371.9 6.658 3 5.58b=-2 28.67
7:: ye .0 186.73  9.499 5.71 2.537 19 371.8  S5.584 3 6.058-2 28.4U
h :J 97.0 186.13 9.49¢ S5.710 2.127 19 371.7 4.680 3 7.942-2 28.%3
"o Yy.0 186,29 9.493 5.74 1.776 19 372.4  3.914 3 9.515-2 2d.44
] 99.0 186,77 9.490 5.77 1.480 19 373.4 3,272 3 1.141-) 28.35
: \: 160.¢ 1¥7,5%8  9.487 5.82 1.233 19 374.9  2.736 3 1.370-1 ¢8.20
101.0 188.73  9.484 5.87 1.027 19 J7v.7 2.289 3 1l.tdo-1 2u.lo
] 102.0 190.24 9.481 5.95 8,546 18 378.9 1.916 3 1.,977-1 2¢.0¢
T 103.0 192.15 9.478 6.03 7.115 18 381.5 1.607 3 2.374-1 27.9%¢
- lu4d.9 194.50 9.47> 6.13 5,927 18 384.6 1.349 3 2.850-1 27.85
- 10%.0 187.36 9.472 6.25 4.941 18 388.2 1,135 3 3.419-1 27.73
S 100.3 200.83  9.4¢69 6.39 4.129 18 392.5 9.592 2 4.092-1 27.00
. 1072.0 205.08 9.400 6.56 1.454 18 397.5 H8.128 2 4.891-1 27.47
., 1.0 210.38 9.463 6.76 2.891 18 403.6 6.907 2 S5.844-1 27.34
aar 109.0 217,38 9.4¢l 7.02 2,417 1is 411.3 5.885 2 6.949-1 27.20
( 116.0 228,19 9,458 7.41 2.000 18 422.6 5.018 2 &6.421-1 27.0%
=, 111.90 243.15  9.455 7.95 1.658 18 437.6 4,293 2 1,019 0 26.84
": lid.v L56.15  9.452 8.50 1.389% 18 452.2 3,710 2 1,219 0 26.73
?; 113,40 273,15 9.449 9.04 1.172 18 406.4 3.235 2 1.442 0 26.58
T 114.0 288.15%  9.44¢ 9.59 9.995 17 4¥0.3 2.841 2 1.690 0 26.45
o 115.0 303.15  9.443 10.14 8.597 17 493.7 2.512 2 1.965 0 26.33
-:;f Ile.0 318.15 9.440 10.68 7.447 17 S06.8 2,234 2 2,269 0 26.23
; s 117.0 333.15 9Y.437 1123 6.493 17 519.5 1.997 2 2,602 0 26.13
*) 11ly.0 348,19 9.434 11.78  5.693 17 $31.9 1.793 2 2.967 0 26.05
P 11y.9 Je3. 1S 9,431 12.32 5.018 17 544.0 1.616 2 3,367 0 25.98
g 120.0 378.15 9.424 12,86 4.443 17 555.8 1.461 2 3,803 0 25.92
e 200.0 925,92 9.149 3B.93 8.238 15 954.9 4.656 0 2,051 2 21.50
ni- J00.0 lozl.28 d8.924 52.67 8.583 14 1094.1 5.558-1 1.968 18.06
" 400.0 1931.75 d.ool 60.34 1.458 14 1153.7 9.953-2 1.159 16.41
A 500,0 1032.97 18.410 66.70 3.005 13 1195,2 2,126=-2 5.622 4 15,41
SN 600.0 1033.13 8.170 77.40 7.384 12 1269.0 5.546-3 2,288 5 13.50
o 700.0  1033.15 7.939 101,37 2.348 12 1431.6 1.990-3 7.195 S 10.67
J yuu.0  1Q933.1% 7.718 147.65 1.028 12 1703.9 1.037-3 1.643 6 7.54
;? 906.0 1033.15 7.507 207.53 5.822 11 1991.7 6.864-4 2.902 6 5.51
); 1000.0 1033.15 7.304 256.39 3.789 11 2133.7 4.897-4 4.459 & 4.59
S e g P
4
~
o
'l
-
o
f&
o
)
4
My
‘-J .
[y,
. ~J
¢
oY
> 3
3\

-~

h Y
Ty

L "J:V:r;'.f'l':' !

A Kad Al al AR



TYVT W

TNTRTY LY

(o3

140

-
Jw v
Zz ~
W m m n - [y cl“.l‘ll . B - \4
T . . M . g g3 A m ;
» ﬂw 2 = vm P
o
] Wl.lo 3 , mn ﬂ
o -2 : i |
sl €z £ :
o «Zo 9 25y o
s} & - : z
« u“l 2 el . m
| gaz* . ‘3 n
o ajun o me n
l. m‘”(v " = " ﬂ
< xe= 883 -.
T K O e a
u .. “ ' !
n ”»
mw i :
-
s

i
200

Proposed international Tropical Refetence

ey VARATION

180
COMPARISON Of DATA N ™t MESOSPHERE

WITH THE PROPOSED ITRA

g & 3 3
,. A‘M W!&V we sy

Fig !

-y WLy

bl
!
w
f

S

PP e
gﬁﬁ !ﬂ.f. AT



Section 2

wy
=
=
kY]
o8
<
LS
e
I ¥)
L
2
Y
Q
s
A
N
]
=
1 .
V
N
-

I ARRARR, .
S SO,

-
e

... -
P e 4 A AT . . L)
.-.v.-...v.n\f._v...<}......4 e e S e T Ce L e

LI v - - - | ) )

N \ v 3 . . . e .t * o .

e . . A w. T e .nn.. -.. . ... w.

ORI
. \\..\J...x » o @)

bl S

. .....cf_.....

o
-
.

ata

"
B

~
.
-
P

-
<

Al

-
- o

-.'.-. o
a " ot
Aminiata>

o
Pt
-

Al a

e
‘_A"

-
-
hY

T
Lol
.
a

‘4’ ‘\.
oo

s <o

o

Tt .
o T 2

“~
"

- g x

[relA
.r\\a\\



A S\pave Res Vol 7. No 10 pp (1O}AS-{10)141, 1987 D273 117787 i+ S0
Panicd i Gieat Botsin Al nights reserved Copvright & 1987 COMPAR

ATMOSPHERIC STRUCTURE BETWEEN 80
AND 120 km

J. M. Forbes and G. V. Groves

*Department of Electrical Computer, und Systems Engincering, Boston
Unoversity, Boston, MA 02215, U.S.A.

**Depariment of Physics und Astronomy, University Coilege London, London
WCIEoBT UK.

ADSTHACT

Recent progress in modelhing the temperature, density, and pressure specifications between 80 and 100 ki is
reported. The data base consists primarily of rocket and incoherent scatter measurenients of temperature.
An analvtie polynomial schemie is described whereby smooth transitions with tabulations below 50 km and
the MNIS-83 model above 120 km are obtained. Evaluations of the quality of fit to the data and possible
directions for future work are also presented.

INTRODUCTION
specitic recommendations for the new CIRA made in 1984 were that /1/:
{1} Tabulations between 80 and 120 km should represent zonally- averaged values, and

5} The temperature, density and pressure specifications between 80 and 100 km should provide a smooth
transition with zonally-averaged satellite data below and MSIS-83 /2/ above.

This paper reviews work 1n progress 1o meet these recommendations.
METHOD OF TEMPERATURE MODELLING

Monthly temperature cross-sections in height and latitude have been determined that meet the following
rouditions (Fig. 1)

i1j A smooth transition at 130 ki to the temperature profile of MSIS-83 for mid-month dates and mean
colar activity of F10.7 = 120 units, Ap = 10, longitudinal and diurnal (also semi-diurnal and terdiurnal)
dupendences being neglected.

21 A smooth transition at 70 km to the zonal mean temperatures of the monthly mean models to 80 km
previousty prepared /3/. The models to 80 km are taken 1o represent mesospheric structure for mean
solar conditions (F10.7 = 120 units) as their database extends over years for which solar activity averages

to about this level

137 A constramned least-squares fit to observed temperature differences (from an initial temiperature model),
the unposed constraint being that the ratio (partial pressure of Ny at 130 km)/(partial pressure of N
at TO ki that s caleulated for o fitted temperature profile should equal the same ratio as caleulated

from the pressure values provided by the upper and lower matching models.
The analytical procedure 1s to express the reciprocal of temperature T (or more preciscly g/T. g being the
sravity acceleranion} as a polynonual in height, then by integration the In(N; - pressure ratio) may alwo be
expressed as a polynormial i height and the coefficients chosen to satisfy (3) above. Temperature data (70

10 130 km} that have been utihized for (3) above are:

‘a) The temperature data previously utihzed in the construction of CIRA 1972 /4/, and

(1Mm13s
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o 4y Subsequent data, reviewed in /1/, which have been obtained either by rocket techniques or incoherent
" scatier (1.3.) wmeasuretients, the latter being the main source of data above 100 k.
Tie ncohierent scatter data utilized were from:
e o) The Mullstone Hill model (/5/, Table 1) for F10.7 = 120 units, A = 10.
. U, The St Santin model (/6/, Table 1) which is applicable for Kp=2,1.¢e. Ap=T7, and which was evaluated
< tor P10 72120 umts,
.
¢ AL Areaibo model based on observations for 1970-1975, 1te. from sular taxiuin to solar L,
':;' wlach couid be taken to represent mean solar conditions
o odividual temiperature protiles that were utilized were from rocket launchings extending uver a wide range
> H K 5 5 I3
ol years and solar conditions. These values were processed without mahing any correction to thean solar
conditions o sndividual protiles on the assumption that this dependence would average vut i the overall
whial) san
.- Tre wonthiy tabulations of observed temperature ditferences have been prepared from the above sources of
N vata al cach 5 ki heght erval from 70 to 130 ki and each 107 latitude interval from pole to pole. In the
- whaence of Jata, values are used from the M3I15-83 wodel which extends down to 85 ki Very Little southern
S Loanphere data are available but of an observed temperature ditference were avaidable at a N latitude for

“he satue season it would be taken 1o apply at the same S latitude in the absence of any data there.

v A~ a consequence of the polynomial fitting procedure, each monthly temperature cross-section has an an-
:- ahical representation and mean zonal temperature may be readily calculated for any haght and latitude.
‘~: aind abso tor any date by interpolating between consecutive tonths.
.:' COMPARISONS BETWEEN MODELS AND DATA
by At Luw Latitudes
Atuve 100 ki the main sources of data are (1) the incoherent scatter measurements over Arecibo, Puerto
: o (18°N, 67°W) and (2) the Kwajalein (9°N, 168°E) Reference Atmnospheres, 1979 /7/ which are based
-t ol tucket data. The open and filled-in circles in Fig. 1 show April data from these sources when corrected
- 1o LU N latitude. The point of interest is that the profile satisfactorily tits the data while simuliancously
satistying the N2-pressure constramt. The same can also be said of the data below 100 ki, wost of which
are single temperature protiles. Ditferences between temperature data and the calculated profiles have been
.7 wivcraged over 11 months at 5 ki height intervals as shown in Fig. 1. (Symbols may be plotted just above or
- Letow the height to which they reder for seasons of clarity). On averaging these mcans with weights according
- 1o the nutnber of observations on which they are based the Line profile shown i Fig. 1o obitamed for ther
h weightod average, which does not generally differ significantly from cero. This leads to the conclusion that
" e introduction of the N2-pressure constraint has not biased the it to the tewsperature data, ur an other
wunds that the upper and lower models can be matchied in a way that is consistent with the temperature
3 Gata v the intertuediate herght region.
\'
\: A compatoon s also made 1 Fig. | between the fitted profile and MSIS-83. At 115-120 kn, the profile
N saves luwer temnperatures than MsIS-83 in all months, the difference being greatest i April and reaching 40
R oas shownon Figo 1A comparison between M315-83 and observed values s shown in Fig. 2 and N51S-83
> careds observed values o tuost wonths, whereas the new protile for 99N hies tiuch closer than MSIS-83 to
e the hwajalein data for ali uontus and the new 18N profile lies closer to the Arecibo data than Ms15-83
= ui average. There are however considerations that tell against the ready acceptance of the new profiles
::: wieteas MSI>-83 temnperstures follow the sun’, being } or 2K higher at 18°N than at 9°N i sutumer with
., staad cquiiox uaxitue, the new protiles show a consistent equatorwards temperature decrease throughout
':- the year that averages 15K between 18*N and O N and has an shinual venstion with taxuna and minima
:.: at conseculive equinoxes. Without any clear understanding of the pliysical origin of such vaniations at low
. fatitudes, the possibility miust remain open that the differences between the Kwajalein and Arecibo date
! Loave a dependence other than the latitudinal one which this analysis 15 set up W model. Consideration »
:‘ currently being given to the best way to utilize the datu from these two low latitude sites.
y
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Atmosphenic Structure Between 80 and 120 km

(1

o7 T T T T T T T T T T T T T
MSIS 1983 - g
| 70 -130 km PROFILE —— | ION - N
MQOEL TO 80 km
120 -1
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KWAJALEIN (9N}
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| — WEIGHTED AV
L -
L 1 o | { 1 | 1 1 1 i | -
8000 300 300 < 5ok
MPERATURE ME AN OF (DATA - e
TEMPE TAKEN OVER ALL MONTHS
AT EACH SITE
[y 1. A 70-130 km temperature profile determined for April at 10°N latitude. Annual mean

deviation of observations from calculated profiles for individual low latitude stations.
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WNWO—rT—T T T T T T T 1 1 | 1T
MSIS 1983 _
L 70- 130 km PROFILE ——— -
MODEL TO 80 km  wooveens
120
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km 100 + EGLIN
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TEMPERATURE MEAN OF (DATA- PROFILE)

FOR 3 MONTHS OF DATA

Fig. 3. January and July 70-130 kin temperature profiles at 40°N latitude. Mean deviation
of observations from calculated profiles for winter months (DJF) and summer months (JJA) at
individual middle latitude sites.
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Fig. 4. The same as Fig. 3 without the inclusion of Millstone Hill data.
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“' Fig. 3 is for 40°N and shows both January and July profiles and mean deviations of the data from the
model for each site averaged over winter months (DJF) and summer months (JJA}. The main result to be
e noted is that for both seasons (and also for other times of the year). observed values are consistently higher
L than those of the profiles calculated. This bias arises from the imposed N2-pressure constraint, the fall off
in pressure between the 70 km value of the lower model and the 130 km value of MSIS-83 being greater
o than that implied by the temperature observations at the intermediate heights. It should however also be
"N noted that MS15-83 values between 105 and 125 km are even lower than the new profiles and are therefore
v still lower than the observed values.
" Consideration is being given to possible revisions in the modelling technique that might lead to a reduction
._3‘ in the bias that is apparent at all heights in the mean deviations (Fig. 3).
Ty
| \. One possible revision would be to exclude the Millstone Hill 1.S. data as these values are noticeably high.
10 Fig. 4 shows the results obtained when Fig. 3 is reworked without the Millstone Hill values; and it is
: seen that afthough the biases are reduced they are still significant, particularly from 85 to 105 km, and the
N matter warrants futher consideration.
’
':": At High Latitudes
»N Fig. 5 shows the January and July profiles determined for 70°N and also the mean deviations of the data
from the new profiles for each of the three high latitude sites averaged over winter months (DJF) and
_'- summer months (JJA). In this case the mean deviations do not show any consistent bias, but no definite

conclusion is possible with the limited data samples available.

o It is of interest to note that a July mesopause is obtained at 88 km with a temperature of 155K (Fig.
f, . 5), which agrees with the discussion of McKay /8/ who states: ‘Moderately low mesopause temperatures
' (150-160K) are a consistent feature at 60N during summer. These temperatures are the result of adiabatic
cooling associated with rising motions in the general circulation. There is an additional cooling effect which
can occasionally lower the mesopause temperature to 130-240K. This eflect persists over timescales of weeks

J

:: - and during this time NLC will be seen’. It therefore follows that if observations are biased to the time
-7 of NLC, the lower values of close to 142K which are shown by CIRA 1972 /4/ and Air Force Reference
, Atmospheres /9/ are more representative of these times of additional cooling, whereas the present profiles

.:—‘ which match upper and lower models represent mesopause conditions without the addtional cooling.

TEMPERATURE VARIABILITY

i 'x-

:\. In addition to the mean deviations of observed temperatures from the calculated profiles that have been
o shown in Figs. 1,3,4 and 5, the RMS deviations from these means have been calculated with averaging over
;\": alf months and these are shown in Fig. 8 for low, middle and high latitude grouping of sites. Fig. 6 shows
S that at all latitudes the RMS deviations increase with height except possible at 100-105 km at middle and

high latitudes where values may decrease slightly before increasing again more rapidly up to 130 km. At

. :_'-\_' low latitudes data are lacking above 85 km but there is an indication that a more rapid increase begins at

N 85 km. A likely origin of these variations is the upward propagation of tides and gravity waves. Theoretical
'J‘;' tidal amplitudes (/10/, Fig. 14 and [11/, Fig. 11) indicate that the increase above 85 km at low latitudes
s might be associated with the diurnal tide, that above 105 km at middle latitudes with the sime-diurnal tide
-~ plus a possible smaller contribution from the diurnal tide and that above 105 km at high latitudes with the

ey semi-diurnal tide alone. At lower heights, the variations are likely to arise from a spectrum of gravity waves

: and the slow rate of increase of amlitude with height would be indicative of wave breaking with the possible

,5\ extinction of most of the energy of these waves at 100-105 km. In this ‘gravity wave' region RMS values

.'.\ increase noticeably from low .o high latitudes. At 80 km, for example, RMS values are 8, 12 and 16 K for

;.r} the low, middfe and high latitude data.

"

;" DENSITIES AND PRESSURES

At the present stage of this work, profiles have been constructed for temperatures and partial N, pressures.
The calculation of the latter is based on the equation of state and the barometric law and accoount is taken
of the transition from a mixing region at 70 km to diffusive conditions at 130 km using the relations from
MSIS-83. The effect of this transition in the case of N2 is particularly small as its molecular weight of 28

l' H
Y,

P

u
,,/-:‘: : lies very close to that of air in the mixing region (28.96).
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b Attention has yet to be given to the vertical distribution of other gas constituents and to the possiblity of I

* making these continuous with the upper and lower models at 130 and 70 km respectively. The final step to

the modelling of total densities and pressures would then be a relatively simple one.

It may be recorded that mean pressure distributions have now been extended upwards to the 0.005 mb (83
km) and 0.001 mb (91 km) levels by Koshelkov /12/ and are in the height range of interest.

PRR——

DISCUSSION

A theorctical and numerical anlysis is being developed for modelling atmospheric structure between 70
and 130 ki for mean solar conditions. Monthly profiles have been analytically generated for all latitudes
and heights from 70 to 130 km in temperature and partial N, pressure which have a smooth transition to
M5SI1S-83 at 130 kin and an 18-80 km model at 70 km. Attention will be given to the modelling of other
p oas constituents and to the possibility of combining the three models for the height regions 18-70, 70-130
- and above 130 km to provide an analytical model for all heights above 18 km. Treatment of the 70-130
km region is hiowever limited by available data and there are important variations that have yet to be

; considered. These are with (i} solar activity, (ii) longitude. (iii) time of day and (iv) seasonal asymmetry
¥ between N. and S. hemispheres. Although the present analysis extends over both hemispheres, the small
b, seasonal asymmetry generated via the upper and lower matching models at 70 and 130 km lacks direct

. observational support on account of the lack of S. hemisphere data.

|
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ABSTRACT

A substantial quantity of wind data have been assembled from radar systems since CIRA-72 was
formed: most of these radars include height ranging, and operate on a regular and even con-
tinuous basis. Systems include meteor and MF (medium frequency) Radars: an MST (mesosphere-
stratosphere-troposphere) Radar (meteor mode); and an LF (low frequency) drift system. Lat-
itudes represented are near 20° N/S, 35° N/S, 459 N/S, 509N, 65° N/S. In all cases tidal
oscillations were calculated so that corrected mean winds (zonal, meridional) are available -
the meridional was not included in CIRA-72, Means for groups of years near 1980 are avail-
able, as well as individual recent years (1983, 1984) to allow assessment of secular trends:
revised and improved analysis has been completed for several stations.

Height-time cross-sections have been formed for each observatory: heights are typically ~75-
110 km, with time resolution of 7-30 days. Such detailed cross-sections were almost unknown
before 1972. Comparisoas with CIRA-72 are shown, and these emphasize the differences between
hemispheres (NH, SH) in the radar winds. Other new winds from rockets and satellite radi-
ances are contrasted with the radar set. There are important differences with the satellite-
derived geostrophic winds (1973~78): possible explanations involve secular trends, longitud-
inal variations, and ageostrophy.

INTRODUCTION

The number of radars providing winds in the upper middle atmosphere has increased signifi-
cantly in the last decade. Depending on the technique, these systems fill the data gap be-
tween 60 km or BO km and ~110 km. Below 60/80 km small rockets have provided wind data
directly /1/, and since ~1973 satellite radiance measurements have been made, enabling geo~
strophic winds to be calculated /2/. Above 110 km larger rockets and incoherent-scatter
radars provide temperatures and winds. The radars include MF radars or partial reflection
systems giving data from 60/70-100/110 km; and meteor radars (and MST radars operating as
meteor radars) 80-110 km. We show or discuss here data from 14 locations, which represent a
good Northern Hemispheric (N.H.) North Americam chain (1B-65°N, -90°W), an Oceanian chain
(789S-35°N, =~140°E) which is mainly in the southern hemisphere (S.H.), and some Western Euro-
pean data (44-68°N, ~0PE): data are still being obtained at 9 of these locations, including
two new Antarctic stations. The methods of data analyses are discussed in detail elsewhere
/3,6,5,6,7,8,9,10/. Cenerally tidal oscillations have been removed from days or groups of
days, and the remaining mean winds and longer period oscillations plotted as height-time con-
tours. Time resolution varies from 10-15 days to seasonal.

In earlier papers involving this global radar set /11,12/ composite cross-sections from the
years 1978-1982 were formed so that only the major temporal features remained. However, here
more recent individual years are also shown, in several cases using refined analysis. This
is to demonstrate the reliability of our earlier conclusions /11,12/, and illustrate inter-
annual variability. The wind contours from MF radars are compared with satellite-derived
geostrophic wind contours, because of the considerable overlap (10~20 km) between the two
types of data. Latitudinal cross-sections for two solstitial months are then shown that en-
able comparisons between zonal winds frou CIRA~72, the radars and satellite-derived geostro-
phic winds; and also meridional winds from a compilation of G.V. Groves /13/ and the radar
set. Tabulations of monthly mean values for most stations appear elsewhere /12/. The sign
convention is as follows: for the zonal winds, positive winds are from the west (west or
westerly winds, called by some "eastward") and negative winds are from the east (easterly
winds, or "westward'"). For the meridiona’ ‘nds, positive winds are from the south (south or
southerly winds), and negative winds are no.th or northerly winds. It is also convenient to
describe these latter as poleward or equatorward winds. The figures are congistent for the

(10)143




“ab g -
A e
L4 P AP

P A AS
LR

[RINIES A H Manson er ul.

[
4

2
P

2onal Wnds Meridiongl Winds

Saskatoon (52°N) 382 Sqskatoon (52°N) Primrose Loke {H4°N). 1979 -1982
(.0 T (" 7T T P T T

-
-

-

v

T

-
—

5-%

)

(AR

J
LS

y
| SRY

=~ K
AR
Rodof
Rodar

5

KP4

(s
e

Ny
el
A

Altrtude (km)

" Y

Altitude (km)

o
©

o

©

.
v

Eae

40

~ %N e
):'."J".-_/

Rocob
Rocobd

30

b

10

20

‘v
Ay

»
A

>

Fig. 1 Saskatoon, 1979-82, 52°N, 107°W: 10d means; s.d. 5 ms |

Ay

Zonal Winds . ‘ Meridional Winds
. Saskatoon (52°N-I07°W) 1984 Saskatoon (52°N-107°W) (984

- 10
o Jl
N 10810

W

1

119

T

1

99

;," .
a8 4
A
s, ’

". ':l :I
(km)

90.5

[ XN
4

"c‘
LY

s!

o

82

Altitude
Altitude (km)

4
8 —

P L

il
o Sl

- - e

®
&

I

5

A M J JASOND

> d S
':..05"'-

Fig. 2 Saskatoon, 1984.

R
Pl

iy

L
ﬁé

-
Py g

h]

5
¢

T e e W R e T e . ;
~f~f~f$f\f‘-ﬁ~vf.?.f PR R L CRATARLY
. - S X N N

Sy S
7,
5 Y

TN



:'-b 3

v &

[ APL R

¢y
'.‘l'bl

g
3

2 @

.i-ow
v N
0
Py

F 5

(g

A
‘.v'

Baaage ase nae any | ,-‘,v‘,ry-.wng"w:"i.“".v‘f'“

Mean Winds of Upper Middle Atmosphere [STRIER
Westeriy Wind (a)
100 ‘k
96 \\\\ 257 \
\:Eii:}s <) (TS PN /E\) :
92 L 0 f
iag A ,\| \qo
88 3 4 ‘\\\9 0 1 anT
3 (EES X ° H:"\|O\\
e LA (f i’) A 1O s i ]
d A v Loan
2N \ .M
80 -
J.SONDJFMAMJJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJASOND
1980 1981 {982 1983 1384
Months
Soulherly Wlnd (b}

100 ;:> N &J
36 o-

1t [ k "
aa~ /\\“\I\\/\/X\Q&\\/Q /\/ e

84~ ° A

80 11 ll LA N S RO N S R S A I S B S S et S S Rt S D A S S 11 I rl TTTTTOT
JASONDJFMAMJJASQNDJFMAMJJASONDJFMAMJJASONDJFMAMJJASOND
1980 1981 1982 1983 1964

Fig. 3 Poker Flat, 1980-84, 65°N, 147°W: 30d means.

most part

, but any differences are mentioned in the captions.

GENERAL MIDODLE-,

HIGH~LATITUDE (35-65°) CHARACTERISTICS

The main features of zonal (EW) and meridional (NS) flows are evident in the &4 year compila-

tion (1979-82) for Saskatoon (529N, Figure 1}:

rocket dacta from Primrose Lake (549) have been

added, Time resolution is 10 days and 30 days respectively /14/. The summer-centred months
are dominated by a strong, smoothly contoured easterly flow from 20-90 km. The 50° contour

from CIRA-72 /15/ is very similar,

although its easterly maximum and zero line are -5 km

lower; and its westerly flow near 100 km is stronger due to tidal contamipation /16/. During
winter-centred months the westerly flow is weaker than CIRA, and there is much more structur-

ed,

repeatable variability, due to planetary waves, stratospheric warmings (STRATWARMS) /13/,

g P o

and long period (12-, 6-mth) oscillations /14,16/, CIRA-72 winds were almost discontinuous
at 60 km, due to STRATWARMS in different years in each set of data, and winds above 60 km in

February were quite unrealistic,

at all longitudes near 50/60°N /18/,
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The summer meridional winds (Fig. 1) demonstrate poleward
flow 20-80 km and abuve 95 km, with equatorward flow between: this latter has been i1dentified
at lower latitudes, and both hemispheres /12,15/. For
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?::. December-March there is poleward flow from ~50-85 km, with reverse flow above and below, The
A contours of Croves /15/ ditfers significantly, as they are dominated by a larger and strong-

* er (25 m/s) summer-centred equatorwsard flow, This difference will be discussed in more de-
o tail ldater, when all stations are discussed. To demonstrate the small Interanuudl variabil-
e ity, and for comparison with other new contours, Saskatoon radar winds for 1984 are also
¢}J shown in Figure 2 /19,20/.
o o

& A long series of EW/NS contours from Poker Flat (65 N) are shown in Figure 3: these are from
;ui an MST radar (weteor detection mode), /B/. Only contours for 1980-1982 duta were shown be-

fore /11,21/. The zonal features are similar each year to Saskstoon, but the strengths of
sulstitial cells nedr 80 km are about half as large., The summer zero line is also neur Y0

L -

. " kni.  There is much wore variability in the NS flow, but 95 km sumncer flow is always strongest

AN and equatorward; below it is usually poleward = very similar to Saskatoon.
a0

, .‘ . . . :

1 An iwportant re-analysis of meteor winds from Durham (43°N) has been completed (Figure &),
i-: which allows EW wind shears and reversals to be dccurately represented (earlier a linear wind
B variation was assuwed /11/). Data from 1978/79/84 are included. The summer shears from 80-

N !

90 kam are nuw higher (20 m/s) than earlier (10 ws™1), and more comparable to thuse ut Saska-
toon (50 ms~!) and Poker Flat (35 ms~!). The Durham zonal wind reversal height is now at 78
kw. Overcll the contours are more realistic, and now quite similar to the French data from
Curchy /11/, which also had a large easterly spring tongue and a low reversal height (~82
kw). There is much less difference in the new N5 con.our, and as before, the summer flow is
vquatorward but not strong or focussed in a cell,

A new analysis has also been completed for Kyoto (35°N): contours for 1983-1985 are shown in
Figyure 5. The analysis is now quite similar to that used by MF radurs, with harmonics being
ritted to time series of hourly mean winds at each height. The changes are actually small,
wost cbviously the summer westerly flow is stronger than before /11/. Cowmparisons between
the new Kyoto MST raddr, the Kyoto meteor radar and the Adelaide MF radar (359S) are pro-
ceeding. At this point however, it appears that the summer easterly flow reversal occurs
below 82 km (Figure 5), by extrapolation near 80 km; in contrast Adelaide's is near 85 km and
the tlow is more mid-latitude in form /11,15,21/. Near 35°N, Atlanta /11/ and Kyoto may both
shuw negative easterly flow in fall and early winter, with strong westerly flow in late
summer - features quite similar to CIRA-72 at 20° /1l/. Stratwarm effects are evident at
both locations /6/, Meridional flow at Kyoto (Figure 5) is wainly equatorward, with maxima
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N
1280
4N in summer centred near 92 km: quite similar to Atlanta and other northern hemisphere
1 stations,
:::, Finally, new data from Kurschner and Schminder for central Europe (52°N) are shown. The new
. method involves the use of modulation on low frequency radio signals to obtain height from
b the LF drift method /22/. Contours for two years, 85~110 km, are in Figure 6, and should be
I
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;j compared with Saskatoon (52°N) (Figures 1,2). Similarities dominate: the summer westerlies
- above ~90 km, winter westerlies; and easterly flows in fall (September-November) and the

the tongue is wider both

The latter, however, demonstrates the largest differences:

spring.
including June in 1983, and February and March in 1984, The meridional flow is very

e

- years,
S similar in positions and strengths, Longitudinal differences appear quite small on the basis
W of this comparison.
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COMPARISONS BETWEEN MF RADARS AND SATELLITE DATA

In Figures 7-9 we show zaonal wind contours from Saskatoon (5205; 1979-1982), Christchurch
(44°5, 1978-1980), and Adelaide (35°s, 1978-1983) each compared with satellite~derived geo=
strophic winds /2/. Wind shedars (75-80 km) and heights of summer maxima are compured in Fig-

2%3
’

S ure 10. 1TIn these figures individual locations are being compdred with zonal means; however
i:‘ the amplitudes of standing waves 60-80 km are quite small, especially in summer /2/, so this
LI should not be an important factor /23/. At Saskatoon, the geostrophic summer cell is 5 ko

';: lower in altitude, while winter values are similar; shears are similar (Figure 10). However

the years do not completely overlap, and while no obvious trend is evident at Saskatoon 1978-
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Fig. 8 Christchurch (1978-80, 44°S, 173°E) and geostrophic (satellite) winds.
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:_- Mean Winds of Upper Middle Atmosphere (1ntdy
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[ 1984 (/14/, Figure 2) significantly weaker flow
- ? P & antly weak Zono! Wind Shear (~T3-BO km)
o vas observed near 1975 /24/ using a limited data HOFE PO
i sample. At Christchurch (Figure B) the geo- - December s
strophic summer cell is at a similar height, but - et Sommes
. . - Ll
) slightly weaker, and the shear (75-80 km) is €t - ey . o leeer |
™ - ouch weaker; winter ‘= similar in general b E s . I
: strengths, but aga:. the geostrophic wind E o ' N | I 4
~ (based on wonths) lacks planetary wave or even - STH IS ees !
. . S E - June .l
Y. annual/semi-annual influences /15/. The slope S o . l
of the zero line is quite different in fall and & = Slumm?v . winte i
. . . ve -v
| spring, and the radar winds show much greater C |
. wind shear, especlally in the latter half of E Seshatonn Asewge  Chrstcnucn |
Y February, These results are consistent with = v 5 ! = : w
. . . n
. stronger latitudinal temperature gradients. Height of Maximum Summerbosierly  Wing
o Averaging intervals partially overlap. Finally aok |
N at Adelaide (Figures 9,10), with some averaging £ comnes ;
~ N . . - .
. interval overlap, the agreement is quite good, :‘ N .
v although the height of the radar summer maximum 3,5~ s -so‘mti‘”"‘ .
cannot be seen, However Adelaide contours for = somna '
L -38m
\i. 1973-77, /21/, based upon a more limited data < l
K- sample from Meteor and MF radars (80~100 km),
v indicate secular trends, and markedly poorer
o agreement with the geostrophic winds (1973-78) Fig, 10 Radar and geostrophic wind
X e.g. the summer 80 km radar values were near 0 comparisons.
[ os~! and not -30 ms™l. Thus putting aside
- * temporarily the possibility of ageostrophy, there is some evidence at Saskatoon and Adelaide
for secular trends, so that identifying years for contours may be important.
N,
b Zonal Winds Zonal Winds
e, Winter Dec /Jon Summer Summar June/Jduly Winter
; : 1o ; .
D
Wy ol
{ ; £
L 3
% . 90 -
w b4 °
N 2 2
- <80 % =
B % < L ¢
]
w
> 1o
.
*°”$
y o Y 3T
. °N 70 50 3 10 10 30 50 10 *S *N 70 50 30 10 [I+] 30 50 70 *S
109 Winter December Summer Summer July Winter
:.‘ [1]e] of /-/z/C/{’ Rodor [1{s] of @ fro Rodaor
# s e ‘L//;/"/l/ .8 108 sufoe s /44 *1o
) 10OF 2«8 1 +2/0 w0 e e300 . 100 4 o1e]c20 018,26 018 ;_,/ g o
W A €
R v £ 98F s4 [ud s e3/3 o2 . 30 023 oy £ 95}- o8 a3je28 a2y o LR ¥ w0
- w % 3 w
. 90f v/ w» Y0 c2/4 0 . vz T e 0 2= N\ u aum a2 ~|o/-u\s +10
y P o "r/ © e w
N o B[ 10 L2348 2207 430 o 0 N A o 8% /-n/-) *15 e15n€ o// 2 LI g
. T . 9 . vy
R~ 2 Y] ST VI »30 4-0’/45;/:%11 £ gop /E/;u 3540 %;E o~ aO—saQ 123 o
= v - pr =
h." O 15| g ~3a//-n/,/- /.1 < NN B » .
[~ '//E//// ~ /“
/€Y 204 st T3 s5s g 70 ,// 130 [essfeno
R O =
6% ey /,9.4// 55/ u/ vas
9] // - /7 3 %0,
60 -4 RN R S o .y e (1] oo N R T N U SO S R b
q *N TO 5ol T30 Ti0o o 0! %" T3 70°s w707 T0T T30 Ti0 0 107 37 Tso  70°s
b Y Winter Decemper Summer Summer July Winter
'< e . . . <2728 i .
'y 80 14 "/oo .!a » som””./y/n//‘h//n 3
T3} 28 s, s\ o279 Yy » a2
b .0
s 70 % a3 Y vy 3 - .ay
¥ c
65k 3¢ o3 " a3 et A s e .an
" - e
= 133 Vi Wik A ke MR LoV IO S J’(“d . W |
N 6T 5T g T 6 o 0 T 307 T 70 v 70 *s
PF S D AX PR T A ™ ")
” NeHe 30°W SeHe 140°E SeHe 140°E
»
Fig. 1l Radar, CIRA-72, satellite zonal wind Fig. 12 Radar, CIRA~72, satellite zonal
. comparisons: December. wind comparisons; July.
]
£ T T T SUTRER I AT W SRR
) MO e A A A I A T T o e T T W R A L LRI
A VG T Y SR 2V VORI A VG TR VL VR R R e T




P il R Sl T A N

X

Lloplsy A H. Manson er ul.

- LATITUDINAL CRUSS=SECTIONS

The comparison between CIRA-72, the radar winds and satellite geostrophic winds is well ill-
Lalfated iu helght-latitude cross-sections (Figures 11,12); and we show here December (an

carly sulstive wonth, clear of N.H. strdtospheric warmings, but early summer in the S,H.) and
July, tor =9uYW in the N.H., and -140°E in the S.H. However Kyoto (136°E) has also been in-

cluded with N.H. daca. From CIRA-72, July (June 15 = July 15) and January (December 15 =
Junuary 13) are stiown., The time

rutvs ol chahge dre quite small in
mrd=svason, so that conclusions

. _ Summer " NA June wanler-SH
Jdrawn here are usually typical of PPy e son
the enlire sulstitial sedsons., -

RADAR -Satellite Comparison {80 km)

S
T

Jily the feru contours, end max= [ h} o’

L ol vells are shown fur CIRA- SR VY Wvy S W T G N, SO0 U U GRS S
J20 AL duta are updated since 0 %0 . T 0L 30 a0 B0 e T 60
twgd /12/. The lack of hemi-
sptw iy aymmetry Ls lumediately
obvivas tiow The radar winds: the
Wititers are wost alike and even
then Lhe NJH. zero line is =5 ka
Ligher (allowing for the compari=-
sut between early winter (Decem o

Lor)) and ard-winter (July), re- ear '“;*

tlecting smaller poleward temp- L1 1 1 t*®y 11 11 1 1 1 1 1 |

. . B0 70 €0 30 40 X 20 10 0 G -4 30 40 % &0 10 80
vrature gradients there. Com= '
parling with ClKA-72, two other [ ii'»//'
pUllils clefpe: fhe upper Zero -40 e -
iines were not available for that
wodel; and there is un cdsterly
tropical cell above 87 km which  Fig. 13 Radar and geostrophic 80 km wind comparisons:

1s nut evident at our four low other stations, K, Kiruna; M, Monpazivr; PR, Pucrto Rico;
latitude stations. For the T, Townsville /21/.

sudivrs, these stations agaln do

tot have the easterly flow above 87 km, which is shown in CIRA. The other main summer diff-
erences between the S.H. and N.H, at these longitudes, are due to the consistent westerly
{low a4t and above 80 km revealed at Durham (439N}, Atlanta (34°N) and Kyoto (359N), and the
Ligher reversal heights in Oceania. Note that in the N.H. near 90°W, the systumatic reduct-
ion in the height of the zero line with decreasing latitude (65-35°N) is now quite similar
to that shown by CIRA-72, Over France /11,12/ the zero line varied from ~83 km (Carchy,
47N, 1970-76) to =87 km (Monpazier, 44°N, 1975-80) indicating some possible secular and
longitudinal variations. These values and differences between the stations are confirmed by
recent analysis.
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Winds from the Antarctic summer mesoephere (Mawson, 68°S; Scott Base, 7805; MF radars) /25,
20,15/ and for the winter (Mawson) have recently become available, and Mawson values have
been added to Figures 11,12, These summer data and other S.H, MF radar data were compared
elsewhere with CIRA-72 and a new S.H. model
RELATIONSHIP OF AADAR WINDS (V, ) AND FORCES (Mg™) by Koshelkov based on rocket data /26,15,27/.
R From Figure 11, and considering Scott Base
™ (789S) and Poker Flat (65°N, Figure 12) also,
. F CIRA-72 had the high lactitude summer maximum
[ P and zero lines as much as 20 km too low,
v " Koshelkov's model is in better agreement,

" - showing the upward tilt with increasing lati-
gt M Iee tude of the easterly peak and the zero line,
#200 _____¢' but they are ~10 km lower in height than
T" \Fc :'.:?',:L:: radar winds from 20-7895, There are also im-
£ fe 20me” pera portant differences between Koshelkov's model
¢ and the radar winds in winter at medium lati-
e sworire sonees from tudes /15/., An updated model due to Koshel-
Yo M dmenilms kov has recently been produced and compares
with the radar winds more satisfactorily.
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Fig. 14 Saskatoon radar and satellite wind
comparisons /23/; Vy, radar wind. Forces:
Fp, pressure term balancing coriolis torque
on geostrophic wind (Vg); Fe, due to cori-
olis torque on Vg; F¢, friction component.

Now comparing with the geostrophic winds,
overlap occurs at 80 km for Meteor radars,
and 60-80 km for MF radars. S.H. values are
quite similar for both geasons although there
are some differences at Townsville (209S), and much strvonger geostrophic winds at 68°S in
winter. For the N.H. there are also significant differences, e.g. in winter there is a geo—~
strophic wind maximum near 35° which is not seen at all by the radars; and in summer the
geostrophic wind is easterly at all latitudes, whereas westerly flow is secen at 3 radar
stations (34-43°N) having substantial data. This comparison is summarized in Figure 13 for
80 km data, where European data have been added. In the S.H. agreement is quite good for
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recent raddr ddta apart from the 200, 682 Jdifferences just mentioned; but an earlier more
limited dutd sample which overlaps better in time (Adelaide -1975), does not agree well, For
the N.HL most radar stations have smaller westerly values (-50%) in winter (Sarkatoon show-
ing a trend (1975-1981D, while 1n summer stdtions equatorward of 50° have ouch lower easter-
ly values, which may even become westerly.

There are many possible reasons for the differences between the measured and geostrophic
virds: a) There is some evidence for secular trends in the winds, so that intervals involved
shoutd alwavs be stated. Unfortunately increasing the overlap does not always help the comm
patison. b)) There 1s evidence {or some longitudinal Jiffereunces (above, and /2/). However,
trese are small and suggest that comparisons such as Figures 11/12 probably indicate real
terences. o) There may be helght und temperature errors or biases in the satellite data.
The winds frem ©0-80 km may be significantly ageostrophic.

The last possibility has been discussed in detail recently /28/, and significant ageostrophy
tound up to o0 km,  Studies of mean winds, EW and NS, and gravity wave (GW) intensities
flunes ot Saskatoon /29/ and Adelaide /30/ have shown that there 1s significant €W momen-
depusition in the region 60~-90 km. At Saskatoon unear 90 km in surmer (Figure !1,2) this
acceleratiun oalances the coriolis torque on the NS flow (<100 ms™! per day). Near 80 km the
AccrLleratlon in s ;v is small or insignificant, while in winter gquite large accelerdtiovns
scour trom T0-90 wa (50-100 ms™l per day). Recent comparisons of satellite geostrophic and
radar winds, both at Saskatoon (1978-1982), have confirmed this /23/, and also shown that
starding planctary waves lead to considerable ageostrophy in fall and winter., The "friction”

Meridional Winds Mendiong! Winds
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wind cumparisons: December, wind comparisons: July.

term due to UW interactions effectively turns the wind vector into the low or out of the
high pressure region just as in the troposphere near the ground (Fig. 14), and reduces the
zanal component of the wind when compared to the geostropic value. The heights at which
this apeostrophy occurs vill vary with latitude, depending on GW characteristics and mean
winds O-h0 km., This effect could explain some of the differences seen in Figs. 7-13, e.g.
the large winter geostrophic winds at 80 km. Possible errors in the calculated geostrophic
wind are evident from a perusal of an analysis by Croves /31/. Using alternate tropospheric
dita and methods based on rocket calibrations, Groves produced values which differed from
Barnett and Corney /Z/ by 5-60X from 76-80 km,

Finally we show meridional height-latitude cross-sections (Figures 15,16) as for the zonal
vind, but compare here with Groves' data /13/. For July, the general agreement is quite
good, apart for the fact already noted, i.e. the N.H. summer equatorward flow 1s weaker and
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wore festricted in height than Groves. December's patterns 1llustrate some hemispheric
asyometry, although the S.H. summer flow is sgain more restricted than Croves. The contours
of the N.H. winter flow are quite different frow Croves, although overall there s consider~
sble polewdard flow within the mesosphere.

CONCLUSION

winds from the Global Radar Network for recent years have confirmed the basic climatological
pullerns shown Ln earlier radar studies. In addition the winds reveal some secular trends
over the last decade, as well as small longitudinal variations and hemispheric asyumecries.
Comipdrisons between radar winds and satellite-derived geostrophic winds reveal substantlal
similurities. However significant differences do exist near B0 km, especially during the NH
winter, and in the NH summer equatorward of SO°N. In the SH differences exist near 20°, and
at high latitudes (08°) especially in winter. Possible causes include errors or uncertain-
ties 1o the analysis of radiance data, winter planctary wave activity and ugeostrophy due to
planctary and gravity waves. This latter wus demonstrated by o particuldr study at
Saskaloon,
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290 LONG PERIOD WIND OSCILLATIONS IN THE
Voh 80-110 km ALTITUDES OBSERVED BY THE
N KYOTO METEOR RADAR IN 1983-1985
iy
» : T. Tsuda,* S. Kato* and R. A. Vincent**
B ) , . . N .
. X *Radio Atmospheric Science Center, Kyoto University, Kyoto, Uji 611, Japan
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SAVELY
» ABSTRACT
~
K i:. During the MAP period, the Kyoto meteor radar has almost continuously monitored the wind
O fields in the 80-110 km altitudes. Wind oscillations with various periods ranging from 2 to
-."':s 20 days are detected. The period of the quasi 2-day wave in 1983 was 2.2 days in summer
‘,i-:;‘- wonths but became as short as about 2,0 days in autumn. Antisymmetry in phase profiles 1is
Soh detected by comparing the behavior of the quasi 2-day wave simultaneously observed at
= Adelaide and Kyoto.
@
v RESULTS
4-_"- Using 60 days of data, we have determined an autocorrelation function with a maximum time lag
S of 30 days, By shifting periods of the anaslyses, a moving spectrum of eastward wind
-‘. oscillations with periods longer than 1 day is calculated as shown in Fig. 1. An oscillation
ey with a period of 1.4 days is regularky recognized in summer months such as in July-September
’ 1983, June-July 1984, and June~August 1985. The quasi 2-day wave is dominant in summer 1in
: 1983 and 1984, Its amplitude in 1985 is smaller than in the preceding two years. In 1983
¥ - and 1984, the periods of the quasi 2-dey oscillation are longer than 2 days in summer and
N tend to become shorter than 2 days in September. Oscillations with periods of about 3 days
I are enhanced in August-September, 1983 and April-August, 1984, and their periods tend to
,4-::)4 increase in autumn. . In 1985, an oscillation with a period of 4 days is recognized, and it
I seems to aplit into two oscillations with different periods. Longer period oscillations with
o periods ranging from 6 to 8 days do not seem to have regular seasonal variations.
S KYOTO METEOR RADAR EASTNARD COMPONENT
.:'F.\'- ! = |==2 q:méﬁ_ ==
A = - -
N d; E‘ — ]
Dl = [ ]
by s st -5
POAY g 10 SR IE L L U 3
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. 1983 1384 1985
9. MONTH
1.4,
e
A
o Fig. 1. A moving power spectrum of the eastward wind component observed in
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such as S1 hrs /3/ or 48 hre /6/. Fig. 1 suggests thet the period of the quasi 2-day wave
ranges 2.1-2.5 days in summer, and becomes 88 small as 2 days in other seasons, slthough
there is relatively large year-by~year variation.

Fig. 2 shows the frequency spectra determined every 15 days usggg 60 days of data observed in
1983. The frequency resclution of this analysis ie 0.017 day  , corresponding to 1.6 hrs at
around 2-day period. The wave period was 52 hrs in June-August, then rapidly changed to 47.5
hrs in September. This chenge in the period of the quasi 2-day oscillation wmight be
attributed to variation of the background condition.
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Fig. 2. Power spectra of the eastward component of the quasi 2-day wave.
Bach spectrum is calculated every 15 days by using 60 days of data.

The quasi 2-day oscillation has been theoretically explained by assuming 8 fundamental Rossby
oode with a zonal wavenumber of three, and determined its period as 53 hrs (2.25 days) /3/.
Another theoretical study has shown that 8 jet stream in the lower atmosphere can excite the
quasi 2-day wave /4/. By essuming either mechanism, the wave period is sffected by variation
of the background atmosphere. Therefore, the observed evidence of the chenge of the periods
in sumser end autumn is not inconsistent with the models, but is interesting in clarifying
the behavior of free oscillations.

Because the quasi 2-day oscillation becomes dominant in summer 1in each hemisphere,
sipultaneous observations of the wave in both hemispheres aere rare. Simultaneous
observations of the quasi 2-day wave at Scheffield (53°N) and Townsville (19°S) in August,
1980 have been reported /7/, slthough the enhancement of the wave was not detected at
Adelaide (35°S). This phenomenon hass been explained as leakage of the intense quaal 2-day
wave excited in the northern hemisphere into the southern hemisphere 11/.

Fig. 3 shows height profiles of amplitudes and phases observed in the period of Jenuary 18-
31, 1984, when large smplitudes of the quasi 2-day wave were observed at Adelaide /8/. The
applitude and phase are determined st each altitude by using a least squares fitting of
sinusoidal curves vith a period of 48 hra. The smplitudes observed at Kyoto are roughly 1/4
of those st Adelaide. Although the amplitude of the zonal component detected at Adelaide is
larger than the meridional one by a factor of two, there is not 8 large difference in
amplitudes st Kyoto. Phase profiles agree well between the Adelaide snd Kyoto results,
although the zonul and meridions] ones are out of phase and in phase, respectively,
suygesting dominance of an antisymmetric mode.
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Fig. 3. Amplitude and phase profiles of an oscillation with a period of 48
hrs observed by the Kyoto meteor rader on January 18-31, 1984,
Simultaneous observations at Adelaide are also shown (from /8/).
Phase values of 0° and 180° correspond to O LT on even and odd days
in January, respectively.
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Fig. 4 shows daytime mean wind profiles observed on two successive days in August, 1984 /9/.
f The meridional winds have opposite directions, and the zonal ones show large difference
s between the two days. Fig. 5 shows time variation of the zonal wind component after
’ filtering shorter variations than 32 hrs at several altitudes observed by the Kyoto meteor
radar, The quasi 2-day oscillation was dominant in the middle of August. Comparison of wind

K, profiles in Fig. & 1is accidentally done on two periods correspunding to the minimum and
X maximum of the oscillation, which gives a large difference in meen wind profiles. It is
& suggested that the wind fields in the upper mesosphere and lower thermosphere are affected by
=

the long period oscillations which have neither definite oscillation periods like tides nor a
R regular scasonal veriation. Therefore, it seems inappropriate to determine the mean wind
A profiles using less frequent sounding of the wind fields,

, WiIrD N~
) VELOCITY ~ ™~ \/\ - N
~—

(m/s}

41 90
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40
%]
0

'z 14 16 18 20 22
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Fig. 5. Eastward wind velocities observed in August 1984 by the Kyoto meteor
radar after filtering out short period components less than 32 hrs.
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A GLOBAL MODEL OF CIRCULATION AND
TEMPERATURE FOR THE UPPER
MESOSPHERE - LOWER THERMOSPHERE
REGION

Yu. L. Portnyagin and T. V. Solovjeva

The U.S.S.R. State Commitee for Hydrometeorology and Control of the Natural
Environment, U.S.S.R.

ABSTRACT

The zonal mean model of zonal and meridional wind for the Northern and Sou-
thern Hemisphere based the analysis of meteor radar wind and partial reflec-
tion drift data for the 70-110-km height interval is constructed.

The height-latitudinal cross-sections of vertical wind are calculated from
data on the latitudinal structure of a meridional wind field using the con-
tinuity equation. The temperature field cross-sections from the zonal vind
model using the thermal wind equation are derived.

Por some three decades ground-based techniques: meteor~, partial reflectione
and, more recently MST-radars have produced a considerable body of experi-
mental data on the atmospheric parameters (wind data especially) at 70-
110-km. These data ultimately provide the basis for the development of more
detailed global wind and temperature model than previous models like CIRA~
72 and others.

We have tried to construct a revised version of a zonal circulation model
at upper mesosphere-lower thermosphere heights using data measured at twen-
ty seven meteor radar stations and at six station which carry out measure-~
ments by the partial reflection method. General list of references can be
found in /1,2/.

The two-dimensional zonally averaged wind model includes height-latitude
cross-sections of the wind field for all seasons of the year and covers
practically all latitudes of the Northern and Southern Hemispheres. The
method of constructing these models is described in /1/. The cross-sections
are shovn in Fig.1. Vhen analysing these we can deduce that for different
geasons there are characteristic global circulation structures. The des-
cription of their main features are availasble from /1/.

The height-latitude cross-sections of the zonal wind field permit the con-
struction of the detailed height-latitude cross-section of temperature
fields using thermal wind equation. Fig.2 present the temprerature cross-
sections calculated for some months of the year.

Assuming that the meridional wind field is formed due to processes provi-
ding vertical momentum tranafer, the eddy meridional wind field is proposed
to be parametrized in the following way

IR Qe o
ue - (& kg 9)(20cose) '+ ky (1)
where u, 18 the coefficient of the vertical macroturbulent momentum exchan-~

ge; k; is depend on height, latitude and time (i.e. the month of the year)
and k, is a parameter depending on height and time.
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¥hen choosing the form of k; Aand k¢ we used the meridional wind obtained
for many years by the meteor radar and partial reflection methods at the
following sites of the Northern and Southernm Hemlspheres: Heiss Island
(80.5°N), Obninsk (55°N), Saskatoon (52°N), Poker Flat (65°N), Durham
(43°N), Christchurch (44°5), Atlanta (34°N5,- Kyoto (35°N), Adelaide (35°S),
Townaville (20°S), Mogadishu (2°N) and Molodezhnaya station (67°S). k, and
k¢ bave maximum values at 95-100-km. k, maximises in middle latitudee and
decreases toward the poles and the equator with the k; values twice as
large in summer as winter. iAs far as the seasonal variations of k; are con-
cerned in the periods of atable circulation (winter, summer) k; is approxi-
mately twice as large as it is in the reconstruction periods, With allo-
wance for there estimates k, and k; proposed to be parametrized in the

following way

kz(t,l,e) ={km(e't)eIp[-al(Z - me‘.)')
Km (8,t)exp ['az(z - Zma:nm

®6t) = 172 K, (t)(1 = c0846)
i {1/2 Km;(t)(l —~ C0548)

at z 2 Zrnu
at Z € Zpo,
at 0° < 8 £ 90°,

at 90°< @ < 180°, (2)

(m*s™)

K, (t) = b,(C,('c—7)+d.,*r-cos("f(i'—-l))'ioJ )
Kmg(t) = bylCy (t=7) + 0, + cos(F (¢=1)) 107,
ki(z,t) = fcos(—é-r(t— 5)) exp(-f, (2= Zmox)?) . (ms™)
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Pig. 3. The height-latitude structure of the meridional wind field
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wind).
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A

A

Yhere t 1a the month order number (January - t=1, February - tu2 etc.);
Zmax 18 the helght of the maximum values of k; and k

Our model uses the following coefficlent values: a, -6 2 10° , ag =0,01 107 ,
b, 1.1, b; =1,0, ¢, ==0.02, c, =0.03, dy =2.5, d; =2.4, £, =8 at

o°< 8 < 90°, fo =15 at 90°< 6 < 180°, £, =0. 04 at z > z, .. £ =0.003 at
2 £ zmur| chz“ga lan.

In equation (1) the firat term on the righthandside seems to describe the
contribution of large-scale inhomogeneties connected with baroclinic insta=-
bility in the ageostrophic meridional wind. The second term parametrizes

the contribution of smale-scale turbulence caused by destruction of internal
gravity waves in the region where their saturation is observed.

ANEYE TR

Using the above parametrizations we calculated ageostrophic meridional wind
fields. For the equatorial (15°N-15°S) latitude region the equation (1) is
not true, therefore to estinute the meridional wind velocities in this re-
gion we used polynomiel interpolation. Fig. 3 shows the height~latitude
cross-section of the ageostrophic meridional wind field for some months of
the year obtaiped by the above method.

The values of the vertical vdind velocity component w, were estimated from
the calculated results of a meridional wind using the standart numerical
integration of the continuity equation. Calculated results for the vertical
wind field w, are given in Iig. 4. As seen from the figure, in the meteor
zone there are large-scale structures of ascending and descending flows
which can signirficantly influence the temperature structure of the mesopause-
lower thermosphere. The zones of ascending and descending wind, alternating
in latitude, are indicative of global circulation cells in the considered
height region.
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Pig. 4. The height-latitude structure of the vertical wind field
(cm s-1). a) Junuary, b) March, c¢) July, d) October.
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PLANETARY AND GRAVITY WAVES IN THE
MESOSPHERE AND LOWER
THERMOSPHERE

R. A. Vincent

Department of Physics, University of Adelaide, Adelaide, South Australia 500/

ABSTRACT

Planetary and gravity waves contribute significantly to the variability of atmospheric
parameters in the middle atmosphere, In the megosphere and lower thermosphere the wave
fluctuations are sufficiently large to often mask the prevailing or mean state of the
atmogsphere, This review summarizes current knowledge about the motion, temperature and
density fields associated with both large and small scale waves and stresses improved
understanding that has come from recent ground based, rocket and satellite investigations,

INTRODUCTION

RrRocket, ground based and theoretical studies of the mesosphere and lower thermosphere show
that waves play an jimportant role in the dynamics of the mesosphere and lower
thermosphere. It is now believed that the level of gravity wave activity in partlcular,
determines the mean satate of the mesosphere, The waves manifest themaelves in wind,
temperature, density, pressure, ionization and airglow fluctuations in the 80 ~ 120 km
height range and the amplitudes are so large that they can dominate at these altitudes so
that the basic state can be extracted only after considerable averaging. Rockets have
enabled the density and temperature structure to be measured with excellent height
resolution, while long term studies of wind motions using MST, partial reflection and meteor
radars and, more recently, lidar investigations of temperature and density, have enabled the
temporal behaviour of the waves to be better understood,

To illustrate the spectral range of motions evident near the mesopause Fig, 1 shows a
composite of power spectra of wind motions measured at widely separated locations and
illustrates how wave enerqgy is distributed as a function of frequency. The spectra show
three distinct parts, viz., (i) a long period section corresponding to periods longer than 24
hr, and associated with planetary scale waves, (ii) a section between peaks associated with
the semidiurnal and diurnal tides and (iii) a section at periods less than 12 hr where the
spectral density decreases monotonically (except for the 8 hr tidal peak).

The purpose of this paper is to summarise the salient features of wave activity in the
mesosphere and lower thermosphere, with particular emphasis on wave amplitudes and spatial
scales and where possible to provide information on the seasonal and latitudinal variations
in these quantities.

PLARETARY WAVES

Tropospherically forced planetary waves are confined primarily to the winter hemisphere.
Satellite observations ghow that the waves reach their maximum amplitudes at or just above
the satratopause, with maximum temperature fluctuations of the order of 6 K reached at
latitudes near 60° /47/. Radar observations at Adelajide give maximum wind variations of
about 25-30 ms™! in mid to late winter at heights near 65-70 km, ‘The amplitudes decay to 15
ms~' above 80 km. Amplitudes may be larger in the northern hemisphere. Under favourable
conditions in the northern hemisphere, planetary waves with periods between 5 and 30 days
have been observed to penetrate up to heightas near 110 km, producing oscillations with
vertical amplitudes of between 2 and 10 km /42,43,44/. 1n summer, forced planetary waves are
excluded from the upper atmosphere by the stratospheric easterlies but it is possible for
planetary scale transient motions associated with normal modes or with baroclinic
instabilities of the satratospheric jets, to be observed in the mesosphere, The narrow
spectral peak located near 48 hr in the Aelaide data fin Fig. 1 is a manifestation of the
quasi 2-day wave, which is one of a series of travelling global acale waves which have been
discovered by long-term wind measurements made by ground based radars., Spectral analyses of
long data sets suggest that the transient wave energy tends to maximize in local summer
/3,5/. A range of wave periods has been identified, but the most commonly reported periods

(10)163
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Fig. 1, Power spectra of the meridional and zonal wind components observed at
poker Flat (65° N),Adelaide (35°S, 138°E) and Townsville (19°S, 147°E), The
poker Flat data are is after Carter and Balsley /1/.

fall into three well defined intervals which are, 10 - 20 days, 4 to 7 days and 1.9 to
2.2 days. These are often referred to as the ®16-day*, “5-day” and *“2-day” oscillations
respectively, although precise determination of the periods involved is often not
possible. Comparative studies made at different longitudes indicate the waves are
westward travelling, with the best determinations of wavenumber being made for the 2~ |
and 5- day waves. The inadequate length of many data sets have necessarily restricted i
studies of the “16-day®" wave although, as continuous radar observations become
available, this situation will improve. Table 1 summarizes some of the fedtures of
those waves which have been extensively reported but it should be noted that waves of
other periods (e.g. 1.6 to 1,7 days) have been reported /15,16/.

TABLE 1 Characteristics of Transient Planetary Waves

Period (days) Amplitude (ms °' ) vertical Zonal
wavelength (ka) Wavenumber

10-20 5~10 2 100 1 (?)
4- 7 5-30 25 to > 100 1
1,9-2.2 10-50 50 to > 100 3

It is usuallly assumed that these transient oscillations are caused by Rossby-gravity
normal modes generated in the lower atmosphere, These wmodes are evanescent in the
vertical except in height regions with westward winde (easterlies) and equatorward
temperature gradients when the waves <can be locally propogating. Salby /19/ has
recently reviewed the characteristics of normal modes.

Each mode has a well defined structure with respect to latitude and longtitude but, in
practice, 1t has not always been possible to make a positive identification froa
observations in the 80 -~ 120 kam region because of inadequate geographic coverage,
However, an asgsociation has been reported between a S-day wind oscillations in the
mesosphere and a westward travelling wavenuaber-one wave in the stratosphere /8/,
Satellite radiance studies show evidence for both 5-day and 2-day waves with temperature
amplitudes tending to maximize in the lower mesosphere /17,18/ with values of about 0.5«
0.8 K. .

The most extensively studied oscillation is the '2 day' wave and the sessonal and
epatial behaviour is now well established, The wave is usually observed in the summer
hemisphere reaching maximum asplitudes at about 90 km in July/August in the northern
hemisphere /11,12/ and in January in the southern heaisphere /9/. Both radar wind
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Fig. 2. Amplitudes of 2 day-wave as a function latitude, (after /5/).

measurements and satellite observations show that the wave amplitudes are maximum in the
gouthern hemisphere /5,12/. This is illustrated in Fig, 2 which shows the mean
meridional and zonal wind amplitudes plotted as a funcion of latitude; it is evident
3 that the maximum response is in the meridional component at southern low=-to-mid-
4 latitudes., The wave amplitudes can be sc large (50 ms =) that the wave appears to be
) non-linear /48/. A hemispheric difference in wave period has also been noted, /5/ with
northern hemisphere observations giving periods near 51 hr /11,13/ while periods nearer
48 hr are reported for the southern hemisphere /9,10/.

GRAVITY WAVES

Wave Amplitudes Fiqure ! shows that at a given location, the gravity wave amplitudes
have about the same magnitude in both the zonal (u') and meridional (v') wind components
although some anistot.ropy has been observed at Adelaide /49/ with v' greater than u' by
N ab?}.\: 2?\. The spectra show that the energy density {proportional to
Y ) follows a power relationship €K as a function of frequency, f. The
&) exponent k, lies in the range 1.5 to 2.0 /1,2/ but may change with latitude and season
5 /20/. Averaged over the period range between |¥ hr and the Vaisala-Brunt period (about
3 S min) the rms amplitudes are about 15-20 ms in each component /2/ although if the
1 spectrum is assumed tc extend out to the inertial frequency {the theoretical lowest
q frequency for 4ravity waves) then the rms amplitudes are about 25 ms~

Vertical velocity motions are not as easy to wmeasure as the horizontal components but
y meagsurements made -over a range of latitudes with vertically pointing narrow beam radars

give rms amplitudes of the order 1-2 ms /5.,20,22/. vertical oscillations near the
buoyancy frequency are particularly evident (periods ~ 5 - 15 min).

Temperature and density fluctuations induced by gravity waves have been extensively
studied by rockets /23,26,27/ and recently by lidars /28/. Figure 3 shows vertical
profiles of temperature and density, Amplitudes are of the order of 0.05 to 0.1 in
. fractional density, values which are congistent with those inferred from the gravity
v wave motions /2/, The figure indicates the very wide range of teaperature variations
‘: which can be observed at high latitudes with the greatest wave activity occurring in
N winter /45/ with amplitudes as large as 30 K; at mid-latitudes the temperature
! fluctuations are about 10 K,

Seasonal and geographical variations in wave activity are not well known in the 80-120
km height region bur what observations are available indicate an annual variation in
temperature fluctuations at high latitudes (Pig. 3), with maximum amplitudes occurring
in winter, and a smaller variation at mid-to-low latitudes with a semi-annual variation
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:” occuring in the tropics /5,6,20,23,24/. These observations are in general accord with
W studies of wave activity in the stratosphere /25/.
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N : Fig. 3. Rocket measurements of temperature in Summer (a) at Barrow, Alaska (71°N)
after /45/, and (b) winter at Xiruna (68°N) after /26/. (c) vVertical profile of
neutral density fluctuations /26/.
W4 Recent radar wind measurements at a few sites are producing a better understanding of
*.': the variability of mesospheric wave activity, At Saskatoon and Adelaide, clear minima
"-_ in wave intensities are found at times around the Spring and Fall reversals 1n zonal
:, wind direction, as shown in Fig. 4.
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"'- Fig. 4. Mean square zopal amplitudes of gravity waves with periods, less than 1
:- hr observed at Saskatoon /51/ and (b) total mean square amplitudes of gravity
'4,' waves in the 1-8 hr period range measured at Adelaide /49/. The shading
W indicates regions of westward (easterly) winds,
9
2 It i1s emphagised that the amplitudes quoted above are long term averages, On a time
Y] scale of a.few hours or so there can be quite significant changes in wave amplitude in
. the wmesosphere /26,29/. )
b Wavelengths and Phase Velocities. The profiles shown in Pig. 3 indicate that the
Py vertical wavelengths (i) of gravity waves in the mesosphere are greater than a few
o km, philbrick /27/ using rocket techniques found that the minjimum vertical scale
._ increases from about 1.5 km near 60 km to about 3 km near 100 km despite the fact that
,‘ scales smaller than 0.5 km could be resolved. This increase in the minimum vertical
3y wavelength is also ilustrated in Fig, 5a, where values scaled from rocket vapour trails
". x and temperature probes are plotted as 4 function of height; the change in A_ with height
W is ascribed to eddy and molecular damping effectas /30/. Typical values tzor Az range
from about 3 km to about 40 Jkm in the 80 ~ 120 km region; mean values are about 10 to 12
" km /2,4,26/.
A , ‘
There are relatively few direct measurements of the horizontal wavelengths (Ay) and
: phase velocity (c), wWhat information is available comes fros photographs of noctilucent
clouds and air-glow emissions /31-34/. Indirect estimates have also been wade with
radars /2,21,29,35,36/., Figure 5b is a composite of wavelength observations measured by
2y
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-': a number of techniques, summarized by Reid /5/. The diagram shows a systematic increase

S in the mean Ap with increasing period. The inferred phase velocities do not slhov any

1S significant change with period but typically lie within the range 10-100 ms~ . These

. results should be treated with some caution for at least two reasons : (i) for the

_'-' longer periods only indirect estimates are so far possible and, (ii) wmost values of

¢ Ay and ¢ are derived from observations of quasi-wmanochromatic wave motions which may

Y not be representative of the mesospheric wave-field as a whole, which often appears to

““ consist of a random superposition of waves,

L]
-~

,-: Finally, it is important to note that it is the phase speed of the waves relative to the
ol mean flow (|c - d |), that is the important quantity rather than he velocity relative to

-{ the ground, c. Estimates of this instrinsic phase speed can be made by using the
-~ gravity wave dispersion relation, which for this purpose, can be approximated

as: xz - 2n | c - a I/N where N is the Vvasiala-Brunt frequency. Since Az typically

') lies in the range 5-20 km in the mesosphere, this means that !c -u | is probably in
b4 the range 15 to 60 ms
o

L) : Fnergy and Momentum Fluxes, It is frequently found that the gravity wave amplitudes do

‘\-J not grow aigﬂ_;{icancly with height, which means that the wave kinetic energy density,

'-J given by p, V decreaseL,yith increasing height /2,6,21,24,40,41/. Here po is the

:' o] atmospheric density and v the mean-square perturbation velocity. The energy decay

is of the form exp(-z/ho) where the height scale ho’ is typically 5 to 12 km although

R there may be some seasonal variation /6/.

-'.l The energy-density decay with height is usually taken to indicate either that the waves

'l: are saturating (breaking) and/or that they are being externally damped by eddy and

:' molecular processes, Evidence for wave breaking may be seen in Fig. 3b which shows
,;' temperature gradients approaching the adiabatic lapse rate. Wwhatever the situation, the
o dissipating waves contribute to the energy and momentum budgets of the upper

atmosphere Estimates of the energy dissipation rates of the order of 0.01
P P

.‘ to 0.2Wkg™ have been given /2,6,40,41/ but more knowledge is required of the energy

fluxes into the mesosphere and lower thermosphere before the full contribution to the

Mgy enerqgy budget can be established. An analyai\s 05 50-60 min period waves observed in

S0 noct}lucsnt clouds gave fluxes ~ 7.10 = wWm /37/ and an estimate of about

'y 10-"wn~" was derived from radar measurements averaged over all seasons and wave periods

e, /574

P> Dissipating and saturating gravity waves also contribute to the momentum budget of the
.- mesosphere, Recent theory has stresaed the role that gravity waves play in balancing

‘ the Coriolis torques induced by the mean meridional circulation, gravity waves are now
': ’ believed to drive the mesospheric circulation. The theory and observational

i.. requirements are summarized in /38,39/. Radar techniques have been developed to measure
L]
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the upward flux of zonal momentum (,'y') and the few results to date show that fluxes
are 1in the correct sense and of the right mdagnitude (~ 1-5 m “8=°) for the wave ‘draq’
to act in the manner suggested by theory /29,35,39,51,52/. Observations suggest that
quite short period waves (less than 1 hr) carry a significant iraction of the energy and
the momentum fluxes despite the fact that, as Fig. 1. shows, it 18 long period waves
which have the largest energy densities /2,39/. To date, there have been few reported
measurenents and other potentially impogfanc fluxes such 48 u'v' but obgervations at
Adelaide give magnitudes of up to 50 & 8~ /49/.

DISCUSSION

Considerably more observatione are required before the structure and the roles played by
atmospheric waves in the 80-100 km region can be fully elucidated. Further information
is needed before the modal structure of transient planetary wdaves can be determined and
compared with theory, Similarly, more information is required about internal gravity
waves and especially about the zonal components of wavelength and phdase velocity and
momentum fluxes /38/. At present there is an inadequate geographical coverage with most
observations coming from the mid-to-high latitudes in the northern hemisphere. There is
a need for a wider coverage in the southern hemisphere and especially in equatorial

regions where waves may play a very important role in determining the mean state of the
atmosphere,
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TURBULENCE IN THE REGION 80-120 km

W. K. Hocking
Department of Physics, University of Adelaide, Adelaide, South Australia 5000

ABSTRACT

Measurements of turbulent energy dissipation rateg and eddy diffusion coefficients have been
collated, and mean height profiles of fundamental turbulence parameters in the region 80-120
ka are presented,

INTRODUCTION

It is generally agreed that there. is significant turbulence in the region 80-120 knm,
although there is still some debate as to its temporal and spatial morphology. ‘The main
sources of turbulence are probably gravity waves and tides, and these generate turbulence by
processes such as non-linear breaking, shear instabilities, convective overturning and
critical-level interactions /1,2,3,4,5/. Msagurements of turbulence have often shown
turbulence to appear in horizontal laminae of thicknesses of a few kilometres, interspersed
with non-turbulent regions /6/, and it appearsg that turbulence is both spatially and
temporally intermittent, Turbulence appsars to occur in patches /7,88/, and /8/ have
presented data to suggest that turbulence occurs between 300 and B80S of the time, with the
lover percentage occurring at lower heights. Generally though, turbulence is important to
an upper altitude of  somewhere between 95 and 110 km (the exact limit varies with time
within this range), whereupon the atmospheric viscosity becomes 80 large that it quickly
damps any tendency for turbulence to form. This transition reqgion is called the
*turbopause”. .

Turbulence Parameters

Turbulence affects its environment in two main ways; it may heat the fluid in which it
exists, and it causes diffusion of momentum, heat, and matter. Turbulence occurs on a wide
range of scales, but in this work most discussion will be concentrated on semall scale
turbulence; that is, scales less than about 5 ka in aize, where turbulence is at least
quasi-isotropic, and can truly be called three-dimensional turbulence.

Energy dissipation A general feature of three-dimensional turbulence is the energy transfer
direction. Some large-scale feature such as a wind shear or a temperature gradient becomes
unstable, and generates ssaller scale cyclic motions, These new motions generate smaller
rotational random motions, and these in turn cause others. Eventually extremely small
scales are reached, at which the small scale shears are so large that molecular viscous
forces become important and energy ie deposited as heat into the atmosphere. The rate at
which heat is deposited per unit mass will be donated by “c® here. In fact energy is lost
at all scales, although the majority of the heat loss does occur at the smallest scales.
Some energy can also be loat at larger scales by the weak radiation of buoyancy waves. This
process will not be parameterised here, but it is important to note that it does occur

/9.,10,11/.

Turbulent diffusion Diffusion occurs in both laminar and turbulent flows, but is much more
rapid in the latter, In laminar flow, the rate of diffusion of mosentum is represented by
the viscosity v, and the rate of transfer of heat by the thermal diffusivity «x,. In that
case, diffusion occurs dus to random molecular motions. In the case of flow involving
fluctuating fluid motions, the momentum and continuity equations can be written in terms of
sean and Huctuth\g‘_go-pononn. A!u.r suitable rearrangement, & set of equations which
involve terms like u ¥ occur, where U represents the fluctuating component of the zonal
wind, w' represents the tl.uctuqqg_‘ vertical component, and the overbar represents a
suitable average /12/, The term U ¥V rapresents vertical flux of horizontal moceentum, and
this tars sultiplied by the density p represents & eo called “Reynolds's stress”. In
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":" molecular flow, the kinematic vigcosity is defined by the relation f = «p v.(di/dz) where ¢
* is a drag force per unit area. In the case of flow with fluctuating motions, the Reynold's
’ stress acts like the viscous drag, and a “turbulent coefficient of eddy viscosity® 4,
i defined through the relation -
o~ bW = —p.ky (§2) (1
LGN
'\.';“- by analogy with the definition of molecular viscosity, Xa is also called the "turbulent
‘-,." momentum diffusion coefficient®, Likewise the analog of the thermal diffusivity, Ker is the 4
".;' turbulent heat diffusion coefficient, ‘t The rate of diffusion of ainor (inert)
3 constituents is aleo controlled by K. ’
t
W One must be careful, however, not to carry the analogy with molecular processes too far. As
T an example, if a cloud of gas is released in air, and expands by molecular diffusion, then
;.:_ the mean square radius of this cloud expands according to s law of the type = 2vt, where
o t represents time, However, this is not true for turlgulent diffusion, for in that case the
J_'\‘" cloud expands according to a law of the type rfat’. T™is occurs because as the cloud
" expands, large scale eddies become important in the diffusion process /13/.
av.
. The ratio of the molecular viscosity to the thermal diffusivity, v/ee, is called the Prandtl i
A, number, and for air is about 0.7. Sisilarly, & "turbulent Prandtl number®, P_ = /K, i !
o] defined for turbulent processes, and often it ig assumed that the value of this turbulent
;:'p prandtl pumber is also 0.7, although this is not always justified. FPor example, /9/ has
.“‘:- made rocket measurements which suggest that P, may have a numerical value of 2 or 3,
g Recently, physical reasons have been advanced to explain why Py might be quite large when
'5."' considered over long tise scales /94/. often, X, and X, are treated as a similar
Y parameter, usually denoted by X, despite the fact that P, # 1, and given the accuracy with
o wvhich these parameters have been measured in the lesosphcn, this has not been entirely
- unreasonable. Recently demands for greater accuracy in the measurements of Xe and X, have
A arisen, and the need to consider these paructeu as distinct parameters may be wmore
.‘;-.: important in the future. -e
-‘:.‘-: There is an assymmetry in the rate of diffusion as a function of the direction being
K ,-::. considered. The vertical diffusion coefficient, which parameterizes the vertical diffusion
L o rate, is often denoted by K,, to ‘distinguish it from the horizontal ‘diffusion
{ coefficients, Kyx and t" In most of this paper, the effects of turbulence at scales less
-t than about 5 km (small scale) will be examined. At such scales, the rate of diffusion is
0\ 4-: approxisately independent of direction; the rates of diffusion in the vertical and
5}, horizontal are at least similar to within a factor of 2 or 3. The eddy diffusion
‘_-‘. coefficients obtained at these scales are also appropriate for calculation of vertical
.\_":- diffusion rates at larger scales, since buoyancy effects limit the vertical extent of ‘
o eddies, and sost of the energy of turbulence occurs in eddies with vertical scales less than '
o " sbout 5 km. Horizontal diffusion rates, however, can become quite large at larger scales,
) Some very prelisinary estimates of horizontal diffusion coefficients have been made by
y /14/. As mentioned earlier, in this work it is prinarily the vertical and small ncalc
:‘:: diffusion coefficients which are of interest.
9 - .
) :‘l\ There is one more analogy with molecular processes of note. For the molecular case, the
?f: viscosity and thermal diffusivity are proportional to the product of the molecular mean free
f . path and the mean molecular speed. It is usual to also regard X, and K, as a product of &
' typical scale and typical velocity, and for approximate calculations it is common to write
9
B &7‘: ‘-,t ~ LB. v (2)
‘::-’ where Ly is a ®typical® scale, and vy is the eddy velocity associated with this scale. More
h will be said of these "typical® scales later.
) . R
; “'f- Finally, although equation (1) represents perhaps the best formal definition of X, other
f" (* ) less formal formulae are often used in practice. For exasple, equations like (2) are often
e applied in experimental situations, whilst in numerical modelling ®“K" is often a term -
. introduced to simply close the equations (e.g. /95/). Some of the various estimates of K #
__.'_: have been coapared by /46/.
L
.:'; Kolwogoroff Theory
b
\-:'- Many of the measurements of K and ¢ presented in this paper were deduced under the
Y assumption that the turbulence being observed obeyed the classical Kolmogoroff theory of
" inertial-range turbulence /15,16/. Many suthors who used this theory commented on the o
.' possible inappropristeness of it to the lower thermosphere, but due to lack of alternative o
" o theories were forced to use it. '

Indeed, it would be surprising if the Kolmogoroff theory did rigorously apply in the lower
4 thersosphere, Yor example, the upper part of the region generally has a very stable
4 " temperature profile, wosething like that of the stratosphere, so buoyancy forces could well
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pe isportant in producing anisotropic turbulence, However, high resolution measurements in
the stratosphere /17/ have shown that in any turbulent layer, there is some part of the
spatial spectun which obeys the x=5/3 epectrua predicted by Kolmogoroff, and the smallest
and largest scales which obey this relation also agree nicely with theory.

A more serious difficulty for the thermospheric case 1is the separation of the smallest and
largest scales, or, equivalently, the value of the Reynold's number. For Kolmogoroff's
theory to apply, it is necessary that the Reynold’s number be very large /18/. The
Reynold's number for the atmosphere is defined as

Lov
Re = 2L . K, (3)
in analogy with flow in pipes, where Ly is a typical “outer scale" , md "L is the velocity
sessociated with scale Ly, 1In the troposphere, v ~ 1075 =t g1 LB ~ 100m - \ k»
and vi~ 1-10ms-t. Hence Re ~ 107- 109, which is satisfactorily lnrqe. However, in the

lower thermosphere v ~ | ®2 871, (e.9. Fig 32) whilst Ly and v, are similar to  the
tropospheric values. Hence Re can be less than 100, and this may not be large enough to
smaintain an inertial subrange.

Nevertheless, the little experimental data available suggests that the turbulence at least
tries to tend to an k“s/ structure /19,20/, at least in conditions of weak to moderats wind
shear, For stronger wind shears, other theories (e.g. /21/) have occasionally been invoked.

The region 80-120 ka is a difficult region to study. It is too low for insitu satellite
measurements and too high for balloons. Measurements of ¢ and X must be made by somewhat
indirect means, and are therefore difficult. Given the apparent tendency for the atmosphere
to at least try and approach an ®inertial® spectrum, it will be assumed {n this article that
the Xolmogoroff theory may be approximately applied., This may mean sone systematic errors
in some of the profiles presented, but certainly the profiles should be accurate to at woret
a tactor of 3, It is freely admitted that the xol.nogoroff theory may not be an exact
description of thermospheric turbulence.

RELATIONS BETWEEN K, € AND THE SCALES OF TURBULENCE

The inertial range theory of Kolmogoroff applies between two scales, L and 0. The first
(larger) is called the outer scale of turbulence, the second the inner scale. within this
range, vigcosity has negligible effect., However, at scales less than L0, energy dissipation
due to viscous forces becomes important, The so-called “"Kolmogoroff microscale", n, is a
scale well within this range of viscous dissipation, and is defined by
n = ie)'/4, (0

It can be shown that &g = 7.2n /22/. It can also be shown that the outer scale is a
tunction of ¢, and is given by /11/

—3 2
Lp ® ¢¢ V2, / (5)

Here wg is the Brunt-vaisala angular frequency, and 711/ has suggested that
cy ~ 21/0.62. Plots of Ly and to as a function of altitude have been presented by /23/.
Finally within a turbulent region X and ¢ can be shown to be related by the expression

K = cye/ug {6)

and various authors have suggested values for c;, While /11/ suggested that c2 = 0.8,
/24/ suggestad ey = 0.33, and /25/ took c; = 0.6. It appears that c_ lies between 0.2 and
1.0, Both equations (5) and (6) only apply in conditions of static stabjility, where wg >0,

The three equations (4), {5) and (6) together with the expression Ly = 7.2n form the main
relation to be used in this article., However, it is also useful to note that

3
tg/m = (xR 7, ™M
where R, is the Reynold's nuamber (see (2)). Thus the separation of the inner and outer
scales 1- a very simple function of R,.
THE TURBOPAUSE

The msolecular kinematic viscosity v increases exponentially with the increasing height in
the atmosphere, and at aome height it becomes greater than the eddy viscosity K. The height
at which K » v (or equivalently, the Reyncld's number Re = 1) is the turbopause. When this
occurs, it may be seen from equation (7) that L = n. Hence near the turbopause, there can
be no inertial range of turbulence vhatsoever. The scales at which turbulence generation
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could occur are comparable to thoss at which viscous forces are important, and any mechanism
which attespts to induce turbulence is very quickly damped, The height of the turbopause
varies because ¢ variss, At the turbopause v = K, 80 that ¢ ~ v uaz. Larger values of
¢ allow larger v values, pushing the turbopause height up. .

The turbopause was first observed experimentally with rocket vapour trail mseasurements. The
trails sppsared turbulent up to the turbopause, and then quits suddenly became laminar above
that height. The reason for the rapid changs lies largely in the exponential increase in

v with height., Wwhep a vapour trail formws, it first diffuses by molecular processes, until a
time ~ =) 1/2 4fter releass. Then the trail begins to appear turbulent. The
kinematic viscosity increases exponentially with height, and neer the turbopause, this
cransition time may typically increase from less than & ainute to greater than 2 sinutes in
less than about S km. Thus the trail appears laminar for considerable time at the higher
heights. Tnis, coupled with higher dasping which turbulence experiances due to the larger
viscosity, results in the appearance of a rvapid transition to laminar flow in the vapour
trails. Careful observation has shown that there can be evidence of weak turbulence up to
altitudes as high as ~ 130 ka /26/. MNevertheless, the turbopause does truly represent a
level above which turbulence plays only a minor role,

The turbopause shows a large degree of fluctuation in height, both in day to day variation
and seasonal variation, and /27/ has collated a large set of measurements of this height,
largely acquired with rocket measurements. There is large scatter, and no Clear trend as a
function of seagon is apparent, However,/27/ did find a negative correlation between the
turbopause height and the teaperature at 120 ka altitude. Because of this large scatter,
and the lack of any clear seasonal trend, this paraseter will not be discussed any more
extensively in this article.

METHODS OF DETERMINATION OF ¢ AND K
Determination of ¢ and X values can be broadly classified into two types:-

i) measurements of small scale motions (g 5 km) by direct observation, and

i11) large scale studies Oof the balance of heat and
inert cheamical spescies in the atmosphere.

DIRECT DETERMINATION OF ¢.

Most direct msasurements of ¢ in the height range 80-120 ks have been made either by rocket
measurements or radar, with one or two measureaents by airglow techniques.

Rocket Techniques

.. -y -.'\."-. e ."'
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Most measurements of ¢ via rocket techniques have involved release of chemo-luminescent
compounds from a rocket, and then watching these evolve vith time. These have either taken
the form of explosions which produced luminescent clouds, or 'slow burns' which released the
Teactive components slowly as the rocket progressed, resulting in a long trail of
luninescence. High resolution photographs of these clouds or trails were then recorded for
several minutes after the relecase. The mean drift of the cloud gave the wind velocity, and
the growth of the cloud gave information concerning the turbulence. Generally, the trails
grew first in & laminar way, with the trail “"radius® r (see shortly for more concerning the
definition r) increasing approximately in the manner

(r-rg)? = 2ve, ’ 8)

t=) being the time at which eolecular dittu}ion begins and rg the radius at time t=0.
Then, after a characteristic time 1, ~ (—%) /2, turbulence sets in, and the trail expands
more rapidly. Theory suggests that :.‘hc nfuuon

2 3 :
r = gct . . {9)

should be obeyed /13/, at least over distances r which are less that Lp+ The constant g is
known from theory, so one sethad by which ¢ can be obtained is by examining the expangion of
the trail according to equation (9) and thus finding «¢. Notice that it is not posaible to
define a "diffusion coefficient” at scales less than Ly, because a law of the typs (8) does
not apply. At scales beyond Ly, (r-r°l7 is again proportionsl to t, and a vertical
diffusion cosfficlient can indeed be defined,

There are probless with this sethod. One such probleam occurs in defining zero time; the
trails and clouds expand initially by non-diffusive mechanisms, such as heat gradients and
explosive motions /28/. Problems also exist in defining the trail “radius®. The most
rigorous definition of r would be to use the treil asutocorrelation half width, but this was
often difficult to find and was not slways used,
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Turbulence in the Region 80-120 km aonas

Rather than use equation (9), /26/ exam’ned the trail expansion to find the time Th when
the trail expansion changed from molecular to turbulent diffus‘on, and used equations (8)
and (9) to determine when the cloud was in each state, They then found ¢ via the
relation € = v 1n_2. ~Nevertheless there are uncertainties in taking this as an equality.

Rather than using either of these methods, /19/ used a more precise formulation similar to
equation {1) which required detailed knowledge of all three components of velocity and their
spatial gradients. It is not clear whether adequate accuracy of these velocity components
was actually attained,

By measuring both winds by cloud releases and temperature profiles by grenade experiments,
/8/ were able to calculate the Richardson number as a function of altitude. Tropospheric
observations of relations between Richardson number, wind Qpeed, and turbulence intensity
were applied to estimate the mean square eddy velocity, < w »>. Then use was made of the
relation

e = —lg < g (10)

to estimate €. later /29/ suggested that the relation should more appropriately be
2
€=0.4 <w Dug (11)

and all the values of /8/ have been corrected to suit equation (11) in this text., /65/ used
theoretical relations between viscosity and the minimsum vertical wavelength of gravity waves
/19/ to help extract turbulence parameters, and another method used involved calculations of
structure functions from high resolution winds /81/, More recently /96/ have made high
resolution measurements of electron density to infer turbulent energy dissipation rates.

It has at times been claimed that rocket measurements of turbulence are unreliable, because
the rocket itself could induce the turbulence /82/. This does not appear to be the case,
since rocket results show good agreement with remote sensing measurements such as radar
observations, which do nct suffer from this possibility,

Radar Techniques

The main two radar techniques involve (i) observations of meteor trails and (i1)
obgervations of radar fading times. The former method was originally isplemented by /30/,
and involves firstly measurement of velocities transverse to the meteor trail alignment, and
thence formation of the structure function

2
Dot = <lvtx) ~v x4+, (12)

tt t

Ve being the velocity perpendicular to r.

According to theory,

2 2 2,3 2.
D=4 ¢ 7 . (13)

. 2
in the inertial range, and recent seasurements give q, - 2,0 /31/., However, /30/ assumed

2 2,3 2.3
Oy, =4.82¢ " £/, (14)
For this paper, values presented by /30/ have been corrected to satisfy the former
formula. /32/ also applied this method and ¢ values obtained from there have been similarly

adjusted., More recently /33/ have also applied a similar metsor method.

When a backscatter radar with a narrow beam is used, it is possible to measure the mean
square fluctuating velocity of the scatterers by utilizing the spectral-width of the
received signal, Both /34,35/ and /36,37/ have applied this technique, and have used a
formuls similar to equation (11) to obtain ¢. It is important to remove other contaminating
effects such as “beas-broadening® when applying this method, and these authors did this,
However, /36,37/ used a very wide polar diagram, and as pointed out by /34,3%/, this can
lead to contaminstion from larger scale horizontal fluctuating sotions (e.9. gravity waves),
particularly in conditions of weak turbulence. Thua the velues recorded by /36,)7/ are at
best upper limits on ¢, and must be treated with caution, In this paper,the results of
/34,35,36,37/ have been adjusted so that equation (11) is cbeyed,

Another way by which energy dissipation rates can be obtained {s to examine the decay of
gravity wave energy with height and this has been done by /36,37,38,39/.
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Fig.1. Energy dissipation rates for latitude bands 0-20°, 20-50* and 50-90°.

On the lsft
are

shown @ll profiles as extracted fros the relevant references, and on the right
are the means (( £ 0//AT and the medians (heavier lines). B5yabols used: 2 is used
for all profiles involving Zimsersan /8,19,28,40,60,61,62,63,64,65,66,50,67/, M
for profiles involving Manson 736,37/, H for Hocking /35/, R for Roper /30,68/, J
for Justus /69,70,71,72/, + for Lloyd et al /73/ and Rees et al /26/, V for

profiles involving Vincent, /38,39,44/ B for Blamont /6,74,75/ and C for McAvaney
/32/.

TYPICAL ENERGY DISSIPATION RATES

All tschniques discussed above have some foram of possible errors,
prodbleas, contamination by gravity wavss
constants., MNevertheless,

be they resolution
or wuncertainty as to the values of certain
most methods ars moderately sound in principle, and all resu’'s
obtained by such methods are shown in figure 1, together with plots of the mean and medians
(where possible) for the latitude bands 0°-20°, 21°-50°
at ) ka intervals, whilst medians refer to 3 ks bands.
standard daviation for the mean. Originally, the data were also divided into three seasons; B
summer, winter and equinox. At 21°-50°, ¢ appeared to be largely independent of season, and -
below 20° ,there were insufficient dats to consider aach season separately. Thus the three
seasons for these latitude belts have been merged. If there was any trend for 21°-50°, it
was that sumser values were grester than winter which were gresater than equinox at 85-90 km,

and 51°-90°, The mesans were taken
The horizontal lines represent & one
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Turbulence in the Region 80-120 km (100177

put the total variation was less than a factor of 3. This is a different seasonal trend from
that found by /30/, and it is felt that there is too little data to place any emphasis on
it. It is possible that the seasonal trend found by /30/ was unique to that year of
observation. Using a very similar technique,/32/ found no seasonal trend.

jotice that medians have also been plotted for the band 21°-50°, since there were sufficient
data to do this. The mean may not be the best way to describe these data, as one large
value of ¢ can seriously affect the mean, The straight edges surrounding the medians
represent the lines below which 168 and 648 of the data lie, respectively (i.e, 66M-67% of
the data lay within the outlined region). Notice that at times ¢ values as large
as 1=2W kq"l have been observed, but generally ¢ is of the order of 0.1WKg.,
Above ~ 95 km the means and medians agree fairly well, but below this height there are some
discrepancies. The median is probably a better measure of typical ¢ at these heights,

in the 51°-90° region, all the data were due to /B/ for two stations at 60°N and 70°N, and
/36,37/. The two extreme left profiles in Figure 1 are those due to /8/ for summer. In the
extreme left profile, these values get very low in value, although it should be noted that
below 80 km (at 75 - 80 km), the values recorded by /8/ rose somewhat to values of the order
of .01 Wkg~!. Hence all that can be said is that the typical values at 80 k=
are ~ .005 - ,02 Hkg" in summer, -

The values due to /36,37/ for summer were 2 0.} wkg-!, If the values due to /8/ are taken
as a reference, then it appears that the values from /36,37/ may be contaminated by
horizontal gravity wave motion as discussed by /34,35/. Thus they have been ignored in
forming the sumner means, However, during winter, turbulence is much stronger {(according to
/8/) so that values due to /36,37/ are therefore probably more reliable, and have been
included, It appears that there are larger seasonal fluctuations at high latitudes.

it should also be noted that the ‘means' above ~ 100 km are almost certainly an over-
estimate, Much of the time this region is above the turbopause, and so is lasinar, but
only ¢ values corresponding to turbulent conditions have been included in these means.
Thus the profile above ~ 100 km only represents occasions when the turbopause is high.

rigure 2 shows the median values of ¢ for all data collectively, together with 16th and 84th
percentiles. The broken arrovs on Figure 1 (20°-50°) and Figure 2 are meant to indicate
that often the turbopause exists at heights as low as 95-100 ka, and often ¢ profiles
actually follow the broken lines rather than continus up to ~ 115 km. The diagonal line in
Figure 2 represents the line ¢ = vu52 . If ¢ lies to the left of this curve, it means
that turbulence cannot develop (or at best can develop only weakly) as this means that the
molecular diffusion coefficient is greater than the turbulent diffusion coefficient (see

equation (6)).
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DETERMINATIONS OF K

Whilst a few attempts have been made to determine X from experimental observations, they
have not been frequent, /9/ tried to obtain and K, separately from detailed measurements

of wind velocity, and from observing the oscillation amplitude of eddies. Another attempt

to determine K directly was tried by /40/ who used rocket measurements Of temperature to
solve the equation )
Ky = g /B

t w'e iz’ (15)

0 being potential temperature and w' the vertical fluctuating velocity. Additionally /38/
have looked at gravity wave decay with height, although this method has large inaccuracies
due to uncertainties in determining "typical® vertical wavelengths for gravity waves. /41/
also made racket estimates of K, and /42/ used studies of the transport of water vapour to
give estimates of K,

more recently, /43/ has proposed a forsula which relates the vertical diffusion coefficient
to the mean square fluctuating velocities of gravity waves., This formula has arisen from
his work on non-linearity in saturating gravity waves, and takes the form

v (m)
| 4 -E W (16)

where w2 (m) is the mean square fluctuating vertical wvelocity of gravity waves with vertical
wavenumber &, H is the scale height, and wp is the Erunt-Vaisala frequency. The parameter
k is a “typicael” horizontal wavenumber for waves of vertical wavenumber =, Preliminary
estimates of K using variations of this formula have been made by /44,45/. It should be
noted that the formula does require the existence of a saturated gravity wave spectrum., The
gravity wave approach for estimation of K has been compared to the eddy diffusion approach
in a recent review by /46/.

Some early estimates of X made by observing the rate of expansion of clouds of vapour
release have not been included in the data used in this paper. These are those data which
were calculated under the mistaken belief that turbulent diffusion should give a rate of
expansion as a function of time like that described in equation (8}, As has already been
noted, a cloud spreading under turbulent processes will follow an expansion as a function of
time deacribed by equation (9), and by assuming an expansion like the molecular case, an
over-estimation of K will result.

Direct measurements of X do not represent the major means by which X has been determined.
More commonly, eatimates of K have been made from global temperature and dengity profile
considerations. It was noted /14/ that the tesperature gradient at 85-110ka is not as steep
as it should be if only molecular diffusion ected, and so /14/ concluded that turbulence
must be acting to transfer the heat down from the regions where photodissociation {and
therefore heating) takes place to the lower regions where CO, radiation can occur. Wworking
from this premise they were then able to obtain approximate estimates of the expected eddy
diffusion coefficient. In a somewhat gimilar vein, /48/ noted that observed ratios of the
concentration of 0; to that of O at 120km were higher than might be expected. They
postulated that eddy diffusion could mix the 0 down from 120 km to ~ 90 km, where the mean
free path is less, and so allow greater 02 concentrations in the 90-120 km region., These
suthors also made estimates of K.

These last two techniques form the basis of many subsequent estimates of X. Successive
authors have included temporal variations /49,50/, and have looked at latitudinal and
seasonal variations /51,52,92/. It wvas also pointed out /50/ that some of the earlier papers
had assumed that turbulence existed above the turbopause and therefore were in error,

An interesting question arises from this work on energy and oxygen balance. Turbulence
produces both heating and diffusion, and it is not at all obvious which process dominates.
The rate of diffusion of heat depends on both the turbulent diffusion coefficient X and the
vertical temperature gradient, the latter being caused initially by solar heating, Both
/5%2/ and /54/ pointed out that the rates of diffusion and heating are very similar, The
question arises as to which is most effective -~ is diffusion mose effective, so that
turbulence actually diffuses heat across the heat gradients formed by solar effects faster
than it causes heating ftself (and thus cooling the mesophere), or ias it more efficient at
depositing heat, thus heating the mesophere? It turns out that the answer to this question
lies in the valus of the constant c; 4in equation (6).

The reason for the dependence on C; can be seen by examining the Richardson number R
This is given by
g

Ryomwg? /el g B o= w0 tem ), an
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Fig 3a Collective of all eddy diffusion coefficient profiles from all relevant
references. No distinction has been made concerning latitude and season, The
dotted region represents K » v, v being molecular viscoeity. Sympols used are; K
for Xeneshea et al /67/ and Kenesha and Ziaserman /50/, J for Johnson and Wilkins
/47/, C for papers involving Colgrove /48,76,/ O for Johnson and Gottlieb /52/, §
for shimazaki /49/, H for Hesstvedt /51/, W for Wofsy and MKElroy /77/, T for
Teitelbaum and Blament /41/, E for Ebel /14/ , * for Chandra /25/, 2 for Zimmerman
and Keneshea /40/, + for Gibbins et al /42/, B for Blum and Schuchardt /18,92/, §
for Justus /9/.

Fig 3b Envelope of profiles froa Fig 3a, together with c/wnz and 0.5 ‘/“'82 profilea
deduced from Fig 2.

since € » X Lg—:—]z /9/. Here du/dz 1is the vertical shear in the mean wind. Thus

g = €2 ¢ wp’, where c2e ﬁi is the mean Richardson number of all turbulent patches, /53/
showed that the rate of transfer of heat through the mesosphere was F = nkou 2)(. {(wvhere n =
7/2, H = scale height, p = density), whilst the rats of loss of heat over one scale height
was P (RJ)7 Wl K. Thus B/F = (Ryn)71, Clearlv heating dominates
it R, ¢ 0.28, and diffusion if Ry 2 0.28. /53/ claimed thut for  turbulence to
occur, !-11 must be less than 0.25 so heating should dominate, whilst /54/ claimed that
whilst Ry must be less than 0.25 to initiate turbulence, turbulence may then persist for
values of R; as high a8 1.0. Thus /54/ claimed Ri is nearer 1.0. The estimates suggested
earlier (equation (6)) would imply diffusion dominates. Recently /25/ has presented a more
rigorous treatment of estimation of eddy diffusivities to bring into account ¢., and assumedq
€y, ® 0.6, and /55/ have concluded that the answer to the question of whether turbulence
heats or cools the atamocsphere depends on the height gradient of X, and claimed that
turbulence heats below about 105 km and cools above.

One problem with these theoretical estimates of X is that they do not consider the zffects
of vertical winds, For exaaple, atomic oxygen from 120 Xa could be brought down to 90 km by
vertical winds at one location, and lifted back up by vertical winds at another. The
possibility of such “cells” of circulation has not be included in any of these analyses,
Thus, in principle, all prior estimates are upper limits of K.

The relation (6) offers a means of converting the ¢ profile of figures 1 and 2 to X
Profiles, but a possible problem arises because the lower thermosphere is not always
turbulent. This being so, it may be that whilat the relation (6) controls diffusion across
4 turbulent patch, it may not control diffusion across the whole region 80-120 km, Rather,
the rate of diffusion might depend partly on the tenporal and spatial freguency of
Occurrence of turbulent patches in a manner sismilar to that proposed by /56/ and /57/ for
the stratosphere. This is & point which needs further examination in the future, but for
the present the relation (6) will be utilized.

In Figure 3a all the relevant X profiles due to all the mentioned authors have been
Presented, These include both theoretical and experimental ones. The approximate molecular
Viscosity has also baen marked, and turbulent viscosities have been stopped when they
encounter this region. In rigure 3b, the shaded region represents broadly the range of
values in Fig 3a. The solid lines Tepresent X values deduced by applying equation (6) to
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the medians ot Figure 2. The Brunt-vaisala feriods were taken fros /S5, . The profile g
the right assumes K = ‘/-"32' and that to the lett assumes K = (. 5% ,/..,H‘. Corsldering al)

. L
the potential uncertainties 1n measurement of Lot ¥ and ¢, the ajreement bLetwees Lhe twg
data sets 15 good, and the results sugygest a value tur c, of abour 1.0,

SEASUNAL AND LATITUDINAL VARIATIONS

seas.ire.cnts Of the ratio ot the densities of 0, to ¢ st 12U Xm have been used to estimate x
o3 a funztion of season 59,92/, both publications show s.xilar protiles and in particular
both tind a wmaximum in XK in suwumer at a@id to high letitules, Or, the other hand, 14/
obtaired a maximum in K during w.nter at ~30-40° latitude. Tus alU..uyh atieZ; s lave been
made to obtain geasonal and latitudinal variatiohs, tiese are at tew earlv a ilaje W be
included in this review,

SCALES OF TURBULENCE

based on the profiles derived earlier, it is (Sausible to ectimate €, ani [, at
altitudes, At 80 km, £p ~ 10-20m, whilst at 90 km, fg ~ 20-40 m. The outer soale L 1is
generally between 400 and 2000m at all altitudes. Between thewse blssen, turtulente shoeuld
be largely isotropic ~ at larger scales gtrong anis>trc[y MAY Bel in. 1heds raljebs aie ALE0
consistent with experimental observations of t; /20/. More detalled le:ign:
of Lg and L, have been presented by /23/.

pvivtiliew

CONCLUS 10N
Curves of ¢, and X vg. height have been presented. One po..t . .. -« - learly emorged 1is
that there 1ls a scarcity of experimental data, and more effort . . . <ct.on is strongiy
urged, so that a clear global and seasonal picture of turbulence va, . .+ .2 built up.
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A THEORETICAL THERMOSPHERE MODEL
FOR CIRA

D. Rees and T. J. Fuller-Rowell

Department of Physics and Astronomy, University College London, Gower
Street, London WCIE 6BT, U.K.

ABSTRACT

Theoretical and semi-empirical descriptions of the solar and geomagnetic driving forces
affecting the terrestrial mesosphere and thermcsphere have been used to generate a
series of representative numerical models of the thermcsphere, covering a wide range of
solar and geomagnetic activity levels, for all seas=ons. These numerical mcdels are
ccmpared with observations, and with the most recent experimental and semi-empirical
mcdels of the thermosphere. The theoretical models thus give a direct record of the
magnitude of the major driving forces which affect the thermosphere as a function of
solar and geomagnetic activity parameters. These resulting models can thus be used to
evaluate, in a self-corsistent way, the covariance of thermospheric structure and
dynamics, and evaluate the behaviour of regions which have not been widely explored by
ground-tased or spacecraft techniques, such as the lower thermcspheric regions.

INTRODUCTION

Theoretical three dimensional and time-dependent glotal models of the earth's thermcsphere
solve numerically the primitive equations of energy and mcmentum as applied to the
thermusphere, with appropriate boundary corditions /1-3/. Global simulations of the
structure and dynamics of the thermosphere require realistic values of the energetic input
from the UV and EUV components of solar radiation /4/ and cf the heating efficiency /5/.

A realistic description of the global thersosphere also requires the inclusion of the
highly variable energy and momentum inputs from the solar wind via the earth's magnetosphere
16-8/. Model simulations have been tested by comparison with the wind, temperature and
neutral compositi{on data sets from spacecraft such as Dynamics Explorer /9-12/, from
ground based facilities such as the incoherent scatter radars /13/, and from ground-bazed
optical instrumerts such as Fabry=-Perot interferometers located at several high latitude
stations /14,15/, It has also been possible to compare theoretical predictions with
empirical models such as the MSIS 83 model /16/.

Compzrisons with data and with empirical models show that the major diurnal, latitudinal
and seasonal variations of the middle and low latitude thermosphere, in wind velocity,
temperature and density of the major species, can be succesasfully represented in
theoretical models for a wide range of solar and geomagnetic activity levels /1,9,11=-15/.

The thermospheric response resulting from intense energy and momentum sources associated
with geomagnetic forcing can be simulated by the inclusion of a polar ccnvection electric
field, and by the self-conslistent enhancement of the polar lonosphere and the polar energy
input resulting from magnetcspheric preciplitation /9,11-16,17-20/. The wind, temperature
and composition structures of the thermosphere resulting frcm these simulations are in
agreement with both large scale and local observations of the thermosphere, even during
its highly time-dependent response to major geomagnetic disturbances /14,15/. In this
paper, the seasonal and latitudinal structural variations of the thermosphere will be
described at the Decemter and June solatices for geomagnetically quiet (K/' 1), average
cenditions (K@Y 2) and mcderately disturbed geomagnetic (K;v 4*) conditions. Solar EUV
input arpropriate to average solar maximum conditions (F10.7 cm = 165) will be used.

The polar energy and momentum sources resulting from magnetospheric forcing are complex
and are still not well described in the lorm required by global three dimensional and
time-dependent models. During disturbed periods, the local heating rates and momentum
transfer rates from magnetospheric sources can be two orders of magnitude greater than
those due to the low latitude solar UV and EUV heating, and @n order «f magnitude greater

JASR 7:10~-M (10)185
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in quiet periods. The structure and dynémics of the polar thermosphere i{s thus strongly
modified ty the signatures cf magnetospheric processes, even during relatively qulet
geomagnetic periods. The MSIS 83 empirical mcdel includes longitudinal ard UT variations
/16/ in thermospheric structure, even during quiet geomagnetic periocs, which can be
attributed to the signatures of mugretospheric energy ard momentum forcing., Thecretical
mcdels provide an excellent means of urderstanding the causes of these signatures.

However, since the magnetospherlic convection electric field depends or. the tlructure and
time~dependence of the IMF /12,15,21/'l-prior1 modelling of the thermosphrere depends

on, at best, real-time cbservations of magnetospheric electric fields and precipitation.
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THEORETICAL MODELLING OF THE THERMOSPHERE
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The UCL-3D thermospheric model simulates the time-dependent structure of the vector wind,
temperature, density and composition of the neutral atmosphere, by numerically solving the
non-linear equations of momentum, energy and continuity /1/, and a time~cependent neasn
rass equation /2/. The global atmosphere 1s divided into a series of elezments in
geographic latitude, longitude and pressure. Each grid pcint rotates with the earth

to define a non inertial frame of reference in a apherical polar coordinate systen.

The latitude resolution is 2 degrees, the longitude 18 degrees, and each longitude slice
sweeps through all local times with a 1 min time step. In the vertical direction the
atmosphere is divided into 15 levels in log pressure, each layer equivalent to one scale
height thickness, from a lower boundary of 1 Pascal at 80km altitude.
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The top pressure level varies {n altitude with changes in the temperature profile from
around 300km during extremely quiet periods at low solar activity to altitudes in excess
of 700km curing disturbed periods at high solar activity, In all cases the rarge of
pressure levels covers the thermospheric regimes from below the mesopause, up to and
including the altitudes where the neutral velocity and temperature cease to have any
vertical structure, in the vicinity of the exobase. Similarly, the pressure or

altitude range covers the ionospheric E and F reglons, although the simulations described
here dc not model this environment self-consistently, but rely on empirical descriptions
of ion density /22/, with appropriate enhancements to effectively simulate periods of
disturbed geomagnetic activity.

The time-~dependent variables of southward and eastward neutral wind, total energy density,
and mean molecular weight are evaluated at eack grid point by an explicit time stepping
numerical technique. After each iteration the vertical wind is derived, together with
temperature, heights of pressure surfaces, density, and atomic oxygen and mclecular
nitrogen concentrations. Interrolation to a fixed height is possible for ccmparison
with experimental data.

The momentum equation 1s non-linear and the solutions fully describe the horizontal and

vertical advection, i.e. the transport of momentum. The transformation to a non-

inertial frame of a rotating spherical atmosphere is complete with the exception that the ‘
radial centrifugal component is absorbed within the gravitational acceleration, g, which
i3 assumed constant at 9.5 m a-2. This transformation results in the curvature and
coriolis effects which are fundamental in realistic simulations of atmospheric dynamics.
The momentum equation also includes horizortal pressure gradients, described exactly by
gradients in the heights of the pressure surfaces, horizontal and vertical viscosity, and
fon drag. Similarly, the non-linear energy equation is solved self-corsistently with the
momentum equatlon and describes the three dimensional advection of energy, and the

transfer of erergy between internal, kinetic and potential energy. The solutions also
describe the horizontal and vertical heat conduction by molecular and turbulent processes,
heating by solar UV and EUV radiation, cooling by infrared radiation, and heating due to
the ohmic dissipation of icnospheric currents, known as Joule and frictional heating,

Tre composition equation, which describes the rate of change of mean molecular weight,

is solved self-consistently with the momentum and energy equations, and defines uniguely
the concentrations of atomic Oxygen and molecular nitrogen. The numerical solution
describes the transport of these major species and their relative diffusion by molcular
and turbulent processes through the three-dimensional atmosphere. Photo~dissociation of
molecular oxygen and chemical processes in the lower thermcsphere are not treated
explicitly. Evaluation of the respective time-constants, and comparison with
experimental data, show that these assumptions are generally realistic. Mclecular
oxygen density follows nearly the same height variation as mclecular nitrcgen, and is

nearly ce-coupled from atomic oxygen, due to the relatively long recombination time-
constant.

The separation of the geomagnetic poles from the geographic poles causes photojonisation
in the polar regiona to have a large diurnal (UT) variation in both hemispheres at any

season due to the diurnal rotation of each geomagnetic polar region about its respective
geographic pole. This causes the ion drag and frictional and Joule heating rates in the
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;olar regions to have a large UT dependency by modulating the load on the magnetoapheric
2ynamo. The UT modulation is larger in the souther.. nemisphere due to the greater
separation between geomagnetic and geographic poles. The seasonal variation of solar
;noto-tonisation {n the polar regions appears to cause a similar seasonal / hemiapheric
variation of the geomagnetic energy and momentum inputs as, with increasing F region
cinductivity due to increasing solar illumination, the ionospheric load on the magnet-
capneric dynamo is increased /12/. Under any conditiona other than close to equinox, the
ssymmetric solar illumination ard photo-ionisation between the two hemispheres causea the
georagnetic dissipation rate in the summer hemisphere to exceed that in the winter

remisphere by a conslderable factor /12/.

inder steady solar and geomagnetic conditions, a time dependence in the structure and
synemics Of the polar thermosphere is induced by the diurnal rotation of the entire
georagnetic polar regions each UT day about the geographic poles. The diameter of the
auroral oval also expands and contracts under the influence of the changing conditions in
tne sclar wind, with an associated modulation of the electric potential across the polar
cap twhich causes higher or lower ion arift velocities, ion drag and frictional and Jcule
reating). Regions of magnetospheric energetic particle precipitation roughly covary
witl convection patterns, varying the location and magnitude of the signatures of
ragnetospheric processes dramatically /9-15/.

In the real thermcsphere, tidal and gravity waves propagate from sources within the
troposphere, stratosphere and mesosphere /2325/. The propagation of these tides, and
of planetary wave features assoclated with lower atmcspheric metecrology cause sajfgnificant
rerturbations within the lower thermosphere, and can be traced at upper thermcspheric
reignts (300 kr and above). There are still few observations above about 120 to 140 km,
wnere meteor radar (80 to 110 km) and incoherent scatter radar data have contributed.

The erergy assoclated with the dissipation of such tides and waves from the lower
atmcsphere (of the order of ) erg cm~2) has a considerable effect (10 - 30K) on the mean
temperature as well as on winds within the upper mesnsphere and the lower thermosphere.
The thermosphere also shows a violent time-dependent response to intense geomagnetic
forcing during major disturbances. Some examples of this direct response to, and of the
recovery from, intense geomagnetic disturbances are discussed in /20,26-29/.

THEORETICAL SIMULATIONS OF THE THERMOSPHERE FOR STEADY SOLAR
AND GEOMAGNETIC INPUTS

The seasonal and geomagnetic variations of thermospheric structure and dynamics are
described in this paper with reference to 'steady state' simulations for the June and
December solstices. Three levels of geomagnetic activity will be represented in these
simulations, in addition to an 1llustratior of the asignificant effects of the 'Y'
comporient of the Interplanetary Magnetic Field (IMF). In total, some 30 individual
glotal simulations are available as a data base, from which the subset of representative
codels shown here have been selected. Purely for illustration, the figures shown
1llustrate structures and variations at Presaure Level 12 of the model. This corresponds
roughly to an altitude of about 320 km (average conditions) and ia representative of
processes in the middle F2 region of the ionosphere. It s also a region which is well
sampled by satellite borne cbservations, by radars, and by ground-tased Fabry-Perot
interferoreters,

Figure la, represents the global wind and temperature distribution at the June 21 solstice,
Northern hemisphere summer / Southern hemisphere winter, at low solar (F 10.7 cm flux

of atout 80) and low gecmagnetic (Kp™ 1) activity, In figure 1b, the mean molecular
welight, total density, atomic oxygen density and summed molecular oxygen / molecular
nitrogen density are shown for the same conditions. The gecmagrietic input 1s represented
ty a 30 KV cross-cap potential, on a contracted auroral oval, and with no particle
precipitation, and the glotal use of the Chiu ionospheric model.

Figure 2a,b, represent the global wind and temperature distribution and composition (etc)
at the Dec. 2) solstice, Northern Hemisphere winter / Southern Hemi{sprere aummer, for a
conditior of moderately high solar activity (F 10.7 cm flux of about 165) and average
geomagnetic activity (Kp™2). The B2/A2 polar electric fields 715,21/ have been used,
with the global Chiu ionospheric wodel.

Both these models are fllustrated at 18 UT. There are significant geomagnetic aignatures
in both Jongitudinal and UT effects, even at the low activity level. For example, the
enhancement of thermospheric winds around the auroral oval and polar cap (Figure 1a) 1is
quite clear i{n both summer and winter hemispheres. The diurnal rotation of the entire
geomagnetic polar regions about the geographic poles causes, in addition to the physical
translation of the polar regions, a diurnal (UT) modulation of the solar photo-ionisation
within the polar and auroral regions cf rapid fon convection and of the enhanced
magnetospheric particle precipitation, This UT modulation of photo-lonisatior. throughout
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the geomagnetic polar reglons causes guite considerable diurnal and seasonal / latitudinal

changes in polar conductivities, ion drag and ohmic dissipation at all acasons and activity
levels.

’

oo

To simulate (Figure 3) a level of higher geomagnetic disturbance (Kp™ &%), the same polar

! electric field (B2/A2) is used as for the simulation shown in Figure 2 a,b. The lonising
}:‘ and neating properties of magnetospheric energetic electrons /6/ appropriate to mcderately
.\; disturbed geomagnetic conditions have also now been introduced. There is considerable .x
-~ direct heating caused by these particles, particularly by ascft electrons which are

ﬂ% introduced into the dayside polar cusp region, and into the polar cap. These particles

also enhance plasma densities /14-15,17-19/, fon drag momentusm coupling from the polar

convective lon llow, and frictional and Joule heating throughout the entire auroral oval
and polar cap.

X _ K
s

Figures 1, 2 and 3 demonstrate the major changes which result from the seasoral and
latitudinal variations of solar inaolation. Under both quiet and disturbed geomagnetic
ccnditions, tne summer polar region of the upper thermcsphere is several hundred degrees
K hotter than the winter pole. As the solar activity level increases, the diurnal and
hemispheric tezperature amplitudes are very close to progartional. As the geomagnetic
input {ncreases, the ratio of maxiaum summer polar temperature to the minimum (winter,
high msid-lat{tudes at O4 L.T.) also increases. In the model, this {s due to increasing
load on the magnetospheric electric field due to the back-ground E and lower F region
plasama densities. The real thermosphere appears to respond in a similar way, although
the empirical cata base does not provide enough i{nformation to confirm whether the
increased power demand resulting from the higher plasma densities in the summer, sunlit,

polar cap, can be met by magnetosphere capacity. It is thus not clear that the correct
mecnanisam is fully understood.
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In the winter polar region, mid latitude and equatorial regions, atomic oxygen {s the
doxinant atmospheric constituent of the P-reglon. In the summer polar region, however,
atomic cxygen and molecular nitrogen are of roughly equal number densities. A detailed
analysis of the compositional and temperature variations as a function of Universal Time
and geomagnetic activity shows that the enhancement is closely associated with the summer
geomagnetic polar region /12/. The 1ight atomic species (0, He) are erhanced in those
reglons where there is persistent downwelling, such as in the winter polar night region
7130/. There s a complementary strong enhancement of heavy species (N, Ar, COq) 1in the
summer polar region, which is permanently sunlit for some months around the solstice,
where there §{s persistent upswelling. Significant geomagnetic heating enhances tnhis
trena. Thus the simulations of more disturbed geomagnetic conditions show the greater

enhanceaenta of molecular nitrogen, and complementary depletion of atomic oxygen, in the
sumnmer polar region.
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The influence and signatures of the high latitude geomagnetic inputs of energy and momentum
are relatively easy to identify. Strong anti-sunward winds blow over the geomagnetic

polar cap. A cross-polar cap wind of about 200 m/sec would exist due to sclar heating

in the absence of any high latitude geomagnetic input. This wind 1s augmented by a
coablnation of ion drag acceleration over the polar cap, and the convergent sunward winds
in both the dusk and dawn parts of the auroral oval. The sunward winds in thne

dusk and dawn parts of the auroral oval, which are stronger in the dusk than dawn part of
the oval /9,17,18/, are {nduced by fon drag. There {8 an intensification of these sunward
winds by a factor of 2 - 4 between the 'quiet' and the 'disturbed' models. At the same

time, tne cross polar cap winds increase from 250 to more than 500 m/sec.

Geomagnetic heating, {ncreases the high latitude heat inpuls for relatively disturbed
conditions, which creates i{ncreased diurnal mean meridional wind components from the
summer to the winter hemiaphere, of the order of 30 m/sec at micdle latitudes /(12/.

The figures which display, respectively, the quiet and disturbed geomagnetic conditions

for the June or December solstices, show the enhancement of polar winds, and the
intensification of temperature and composition changes with increasing gecmagnetic activity.
Localised reglons of particularly strong temperature and density increase can be assoclated

-

2

) with the dayside polar cusp. In the suomer polar regfon, under disturbed geomagnetic
ot conditions, the enhancement of heavy apecies [N2] and depletjon of light atomic species
g (0) ts such that atomic oxygen becomes a minor species. This has a majtor effect causing
o average plasma densities {n the sunlit summer polar region to be rather lower than those
-{E in the dayside sunlit winter polar region /31/. This process presumably 1s caused by the
. change from atomic ions (0% ) in the winter polar region to molecular lons (NO¥ , 02’) in
.. the summer polar regifon, resulting in an increase in the effective recombination
ey coefficlent.
\i‘
L Figure 4 a,b sriows the significant changed in wind and temperature patterns (which are
\;' also seen in composition and density) resulting from a awitch of the 'Y' component of the
:,: IMF, for otrerwise similar levels of geomagnetic and solar activity. Maximum anti-
o

.
A

le

- Py .r.
DI NN NN .\-‘I\ 3%

'
;5




2

.

i e b
a O
.. 'I .l o
P dF

4
ALl

'

]

%
4

R0

¢

..
e \)
STy

g,
P s
LS

»
'5"-"- 'I" Ay .'.
SO ]

Pl

5@ .l e
T ASSNANALTS

TG
L INAAAARAY

WA
P )

ofs

C s

LRI P LEAALLAN

[

L0 =\

-

'
_3

-

I~ [—"'\

Ly 2

!

' [ r
(K] -~
-

(]

T

o
—-—

W

hn“&,,WM"*”@v

e -"’N‘
ws’

|{qu.-

LM'J

Me
ATy -ttt

Theoretical Thermosphere Model for CIRA

e T

() 3!(&\:\(&‘4\‘?\

1

El ;‘

C

™)

-
-

F

o]

2

4

4'
DEL

LOCAL TIME

<1
o7
T
I~
e
Ll
o
-0
G
T
-
¢4
7
Z Z
1]
™=

ELEC. FLD:
ELEL.
DATE

>
-
~
B
-
-
(9]
@
L
i
©
-~
3

.

18 UT at the June 2! solstice, Northern hemisphere sum~er/Scuthern herisphere

Figure 1 (a) shows the global wind and terperature distributicn (320 km) at
winter, at low solar (F10.7 cm flux of 75) and low georagne
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Theoretical Thermosphere Model for CIRA (100197

sunward winds are found on the dusk (A2) not dawn (B2) polar cap, while the temperature {and
cean molecilar weight) maxima have similar changes. Parameterisation of geomegnetic effects
requires more than a simple description of the global geomagnetic activity level if the
resulting simulation is to be reasonably representative of local as well as global mean
(rermospheric conditions. Comparing Figure 4 (00 UT) with Figure 2 (18 UT) shows the
extent of UT modulation of the polar regions in the intervening six hours.

In the future, using fully courled self-consistent thermospheric and ionospheric models
432/, if the global geomagnetic input can be described with realism, it will be possible to
sarry out a moderately accurate prediction of thermospheric conditions. The polar ion-
osprere/magnetosphere/magnetopause/solar wind coupling has yet to be completed to the level
of thermosphere/ionosphere coupling, but some interesting early results are now being
obtained. Lastly, thermosphere models are now capable of including terms such as the
coupling of tidal, gravity wave and seasonal latitude variations of mesopause. These cause
relatively minor effects in the upper thermosphere, but do make significant changes to wind,
temperature and density structures within the lower thermosphere /23-35/.
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:3' SEMI-ANNUAL VARIATION OF THE
3_5 THERMOSPHERIC DENSITY - -
o ¥
: L. Sehnal
:..r Astronomical Institute of the Czechoslovak Academy of Sciences, Ondiejov,
' Czechoslovakia
v
.:J
& ABSTRACT
e Thermospheric densities were determined from the orbital data of four
) satellites covering a height rangs of 266 to 500 lm during 1975 to 1982,
- Using three different thermoepheric models (DIM, MSIS, C), the index
~ characterizing the semi-annual density variation was computed and analysed
® with respeot to height and time us a roirouion by Pourier series,
b+ A goneral formula for the semi-ann denelty variation was derived,
o The new formula gives results similar to CIRA 72 at lower heights but
“. displays a greater range of amplitudes at higher altitudes and a shift
’r of extrema with growing height towards later days,
. INTRODUCTION -
‘:' The study of the semiwannual density veriation is based usually on the ana=
! lysls of the ratio of the obgerved dengity versus the modelled deneity
- corrected for all other known physical effecta. The variations of this
- density index are often fitted by a curve drawn through the values by hand,
- To avoid the subjectivity in this process we ised regression curves given
"N as Pourier aer@oa:of\the second order,
- DATA, REDUCTION METHOD AND RESULTS
We had at our disposal the orbital elementa of four satellites i1 ANS (1974
., 70A), Interkoamos 10 (1973 82A), Interkosmos 1l (1974 34A) and Interkosmos
A 14 (1975 115A). The densities were determined from the observed drag effeot
N by the formulae of King-Hele /1/, The data covered the period from 1975
O to 1982 and the height range from 266 to 500 km. The models used for the
o) determination of the density index were DIM /2/, MSIS /3/ and the C modal
o0 by KShnlein /4/, . .
bt The semi-annual variation of the deneity index D was decomposed into the
e annusl end semi-annual component according to
::: ’ 2
\ 2T
0N Dw ), Apsin (1 352 (A= ¢,))
, ial
(] where d is the day ocount in the year, Ay and p4 are the amplitudes and
) phases to be found,
- The data gave aotually 11 sets of the yearly changes of the density index
Ry for each model used., The 33 individual results for A; and ¢, are given
v 1 1
- explicitely elsewhere /5/.
e The values of A, and ¢, were then subjeoted to linear and quadratio
(] regression to find theid possible height dependence, The final formula
N for the semi-annual density variation was found to be
! »
<
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8g, 108 9 = (0,01004 + 1,375210~% b) cos (O (d + 30.94)) +

+ (=003208 + 144432104 1 + 7.724x10"7 n?) (1)

. ooa (2() (4 + 101,45 = 0,0927 h),
where (O w 27 /365 and the height b 1s given in km,
The formula includes the haight dependensce of the amplitudes and also the
height variation of the phases 0f the semi~annual term, whioh gives rise
to the whift of the extrema with height,

COMPARISON WITH OTHER MODELS

The formula (1) can be ocompared to those by Jacchia /9,10/, Pirst, it is

the forwula inoluded in the CIRA 72 model and secondly, the formula very

similar to ours but having the ghaaos constant in time. Figure (1) shows
y the three expressionsd.

the changes at 400 km as given

-1.5
E~1

-3 I i | -

. {

E-1 g 182.5 365
Fige 1, Semi-annual component of the variation of the upper—atmosphere
density at the huight of 400 km, The ourves given by Jaochia (J) /9/,
Jaochia=Volland (V) /10/ and Sehnal (this 1ssue)
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Pig. 2, The shifts of the extreme values of the semi-annual deneitg
variation, Individual values (dots) found bi Boulton /8/, Walker /b/
and Moore /7/. Pull line 1is the rofrouion ¢

ine through
linea ocorrespond to the equation (

hem, dashed
) of this issue.
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N

:) + Yo checked the data as given by some other authors to find a possible shift
: (a of extrema with height, Papers by Walker /6/, Moore /7/ and Boulton /8/

' ) give several individual values summarised in Table 1,
J

227 B, Table 1 Dates (in day count) of extrems

»

ol
1
®.

Height Jan, min, Apr., max, June min, Octe max, Author

~ind also the

,4381738 rise 245 51 110 215 304 Walker /6/
v 235 1 77 20 721

L 213 . 48 303
b.Tet, it {g 335 13 93 203 310 Moore /7/
L-roula very 335 51 128 208 301
AR : 8 B B R
Cal
h 335 42
. 310 92

. 280 217

S 340 314

S 340 28 82 202 302
N 340 13

0

N 430 235 352 Boulton /8/
P 430 32 113 215 320

420 25 144 206 305

- 407 13 96 197 353

. 407 35 93

- 390 210 324

- 375 7 88 208 2717

. 350 39 115 186

The above values were then subjected to a linear regression., The situation
ie ahown on Pigure (2) whers we see the individual data as well aa the
regression lines, Morsover, the shift as defined by equation (1) is
included, too. We can see & good agreement of the slopes of the shifts

of the April maxima, June~July minima and of the October-November maxima,

—~

e

-

.65 t00. An interesting situation appears at the January minimum where
L-3tnosph a deorease 0of the time with height was found, The times of January minimum
) /9/°r° as derived bg equation (1) would be first growing to a height of about
~ ’ 440 km and then deoressing.

”.

.f-

- 49
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-

e
' 4 9
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1 | 1

258 375 391"

Fig. 3. Rise of the ratio of the October maximum to the June minimum
values, Individual values (dots) and the regression ourve (I) through
%2 and ourve S to the

them are given., Line C corresponds to CIRA
equation (1) of this issue,.
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" The equation (1) defines also a faster rise of the range between the

b extroma with height, Figure (3) shows the aourse of the ratio of the

Do donsity index of the Ootober-November maximum $¢ the June~July minimum

with height, The individual values found by the authors quoted are
included, too,
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MODELS OF THE THERMOSPHERE TOTAL
DENSITY FOR SATELLITE DYNAMICS

L. Sehnal

Astronomical Institute of the Czechoslovak Academy of Sciences, Ondfejov,
Czechoslovakia

ABSTRACT

Mathematical expressions for models of the upper atmosphere total density
distribution and variation, to be used for the analytical determination of
drag effects, are developed., The models are computed by a transformation of
the other model values of the thermosphere and from the observed data,

INTRODUCTION

The aim of the paper consists in establishing a model of the digtribution
end variation of the upper atmosphere density which would be suitable for
the analytical description of the artificial satellite motion under the
drag effects, The model should be simple enough to allow the necessary
mathematical treatement and be complex enough to express the density values
with sufricient accuracy. Then, 1if we succeed with the analytical perturla-
tion theory and the changes of the elements will depend on the constans of
the atmogpherical model, the process may be reversed to determine the
constans from the observed perturbations directly,

Basically, such a process is used to construct the models of the Earth
gravity field (Earth models)., However, since the present drag theorics
compute the perturbations using just a simple atmospheric models one has to
compute the density first and to derive the atmospheric models by adjust-
ment to the density values instead to the perturbations directly

MATHEMATICAL EXPRESSION OF THE DENSITY DISTRIBUTION

Firast, we express the density distribution over a spherical surface using
the gpherical harmonics functionas, This 1is essentially the same procedure
used in the aeronomic models of the atmosphere (MSIS, DTM, etc.,) except
that they consider the densities of the individual atmospheric constituents
separately,. Following that pattern, we shall try to express the density
distributionﬁ’s over a given surface as

53=A1 (F-r)+A2P+A3Kp+A4P1+A5 PetAé P, +

sin (2.&’16 +.(7.2) +
RW sin ) 2£24 +.fi4) + (1(

+ A, sin (A d +fl1) + Ag

+ ,xg RW sin (£2 4 +.§13) + Ayq

1
11 By
RW P] sin (&>t +D,) 4

- - 2 - -
+ A gin (wt+w1)+A12 Ps sin(2wt+w2)+

+ 1'114
o - -
hys KW P, sin (2w ¢ +w4).

Here, F.gnd ?215 tpe solar flux for day - 1 and mean solar flux, resp,
(in 167 wm™ Hz"'), A_ 18 the geomagnetic index and P" () are the
Legendre polynomialag anl associated functions of the la%itude’? o« Algo, d
1a the day count in days (€L = 24/365) and t is the local solar time in
hours (> = 29724,
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RW is & I‘ac‘(cor of the change of amplitudes of the periodic terms with alti-
tude, kW = (2 = z),
o

First pr
N total de
N At this point, the method reminds that of Marcos and Champion /1/, over a coeffici
- cuertain spherical suriace, known mo
- usinf th
-~ Height dependence was chosen with respect to the usual exponential law of the CIkA
N density decrease with altitude, Supposing the coeficients of @  change good to
= with Leight in an exponential manner, we selected a series of eipressions orbital
' (1) ug thie mode
R, v z -z duebto t
. o] = nunber.
. 50‘— E exp '———> Ps () ) (2) determi
A" o ki llite d
N .
b, wre @ (%) Gorresponds to (1) with changing coefficients A, (¥}, z and
H ¢ ure £:€ wltitudes und the constant H should be chosen so th&t °
b X would corregpond to the values of the real density scule heights within
~. the Luelght interval in question,
W FEZRTURBATION THECRY
LY
: 7he principal question is the transformation of f for use in the equation
\ Ior thu cralges of the orbital elements) e. g., 1n case of the semi-major
P axlis a we lLave
. ds 2 (1 + e cos FT)B/2
=TT JSJ =« co;xETV2 ’
- where e and E are the excentricity and the excentric anomaly, resp., and =Y
ol is the coerticient containing the physival constuns of the satellite anad
. the viteet of the rotation of tlie atmosaphere.
The transformation is then to be done by formulas known from the celestial
J mechanics, which chunge principally the parameters used in the definition
- or the density @, eq. (2), into the orbital elements and time dependent
E-. terms, When, we' cun integrate over one revolution of the satellite to get
L. the changes of the seni-major axls, Since the definition of P contains the
" coerricients A, in linear form,P~ @ (A;), we cun reverse the procedure
B to get the chu;le;es or' a &agalin ag a 1‘unch1on linear in the coefticlents A

A a~Ab (i), Using this formulation, we would be able to construct thé’
model of totdl dengity directly from the perturbtaticas of the orbital

> clements without the inteimediate determination or the density vulues, The

y process of the reverge tranatoruation might be very cumbersome; therefore,

the computer algebra minipulation is to be recommended,

given by CLkA 72 and MTD transtormation model,

o 10-11
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Models of Thermosphere Total Density (1)208

MODELS OF TOTAL DENSITY

Firat problem of this whole method 1is to jJustify the description of the
total density by eq., (1) and (2). Therefore, we determined the
coefficlents A; by the least squares method, using the data from several
known models, ¢+ g+, CIRA 72 /1/ and DTM /2/, Examples of the results
usinf the CIRA 72 model are plotted on Figures 1 and 2, The agreement of
the CIRA values and of our MTD (Model of Total Density) is sufficiently
good to approve the usage of eqs. (1) and (2) for observed data, The
orbital deta od gatellites 1973-82 A and 1974«70 A were used to detcrumine
the model MTD 2, In this case, however, much greazer differences appearcd,
due to the impexfection of the initial density data and to their limited
number, Nevertheless, the method proved its capability to be used for ti.e
determination of the total density model and its use for solving the sutee
llite dynamics problems,

3
-11

2

10

2 . 6 8
0 Kp
Fig. 2. Variations of thermospheric density (kgz/m’) with the

geomagnetic index KD, as given by CIRA 72 and ITD model,

5
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- i | ! ]
. 260 268 2718 284 292 300
n
9 Fig. 3. Height changes of the thermospheric density (kg/mB)
" compared to the MTD models, derived from the observations (o) or
Ny from the CIRA 72 values,
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ABSTRACT

A computer model of the global, tme-dependent, thermosphenc honzontal vector acutral wind and acutral temperature hickds
has been constructed hased on output trom the NCAR thenmosphene general circulation mode e NCAR-TGOM) The waind field
wrepresented by a vector spherical hannonie (VSH) expansion in the horszontal, a founier expansion in Universal Time, and o
polynonial expansion in glttude. The global wemperature lield representation ditfers in that a scalar spherical hunoonic
expansion s used in the horzontal and a Bates model tesmperature protile ss used in altiude A setof sugtably -truncated spectral
cocthicients contains the wind and temperiture description for a diwmally -reproducible run of the NCAR-TGCM The VSi
model s coded in a FORTRAN subroutine that returns vector wind and temperature values fora gaven UT, peographic lovation,
and dlttude. The model has applicability Tor studies of thermosphernic andsor sonosphenc physics where reasonable tae

dependent neutral wiad and temperature values are of nterest The routine v novel since portable computer models of
thermasphenc wind ficlds have not previously heen available to researchers. The current version of the modet s valid tor solar
maumum. December solstice ondy . although the model can be extended (o any season and specitic setof peophy sical conditions
tor which TGUM resulis are available. Results from the VSH computer model are presented 1o compare with global-acale wind
measurcments trom the Dynamies Fxplorer tDF-2) satellite. The agreement between the computer model results and data trom
individual oebits of DE-2 v good, indicating that the model provides reasonable wind values, having the appropriate
characterstic latitudinal, diumal, and Universal-Tune-dependent signatures observed from the satelhite at upper thenmospheric
stitudes The VSH thermosphene temperature values are in general agreement with MSIS-8Y temperatures but ihastrate
snaller scale honzontal temperature structures than are resolved by MSES-B3 owing to the larger number of spectral harmonics
retatned

! INTRODUCTION

Signihicant progress has been made over the last several years in the modeling and empsncal desciiption of the global thermaosphernic
ncutral wind and temperature system The Dynanues Eaplorer (DE 2) spacecralt, in particular, was indrumented to measure the
thermosphenie vector wind and tempersture along the track of the polar-ortwing spacecratt /§-3. Published results from this
tmisston have served to characterize the global-scale thermospherie wind Nickd lor the solar maximum condinons pertamning to the
1981- 1983 penod /3-97. In addition 1o the new infurmation provided by the DE 2 spacecratt and other expenimental iechiigues, the
theoretics) understanding of thermosphence motions has progressed rapidly . Vanous theoretical models exist that can simulate the
dynamical response of the upper atmosphere for a vanety of geophysical conditions. In particular, two numernical gencral
circulation models, the NCAR-TGCM 710, 117 and the UCL-TGCM /1Y have had 4 large ieasure of success in calculating wind
and temperatuse Bields suntlar to those observed from DE 246, 9, 13177 The spectral model of Mavr eral 1187 hus also provided
sigmficant additional insight into global-scale thermospheric dynamics

In spite of these recent theoretical modeling efforts, no simple “user-Iriendly ™ computer model of the global thermosphenic wind
fickt has been previously constructed 10 cnable neutral winds 1o be convemiently used in other theorctical studies or
sraphtforward compansons with new data sets. The underlying reasons for this situation iny olve the sophistication andcomple aty
af the TGOMs and the farge physical size of the data arrays necessary to contain the numencally -simulated wind helds Macover,
the Tragmentary nature ol the glabgl-scale wind measurements collated to date srom all experimental sources has postponed the
construction of a purely empincal model For thermosphenc temperatures, the situation is better in that semi-cmpizical inodels,
such as the MSES-83 miodel of Hedin 719/, have, for many years, provided researchens with relabie values tor thermosphernie
lnpe ratutes, incorporating exphicit dependences on geomagiiehe sctivity, solar acoivity, and season

The purpose of this report 1s to describe a new computer model of the global, horizontal, themmosphernic vector wind and neutral
temperature structure from 13010 600km altitude. We call itthe VSH model, since st contains a deseription of the wind tickd using
vedtor sphencal hurmomes . The new mode! s based on a spectral expansion of the prdded output wind and temiperature fields
provided by specific runs of the NCAR-TGCM  As such, the physical desenption provided by the VSH model i deternuned by the
physical, chemical and dynamical processes contained within the NCAR-TGCM structure. The VSH madel Tormialation does nat,
as yet, include an explicit dependence on season, solar cycle or geomagnetic actvity level fodoes, however, allow for such elfedts
0 be catered tor through generation of separate sets of VSH model coellicients, cach of which describes specitied geophy acal
conditions and shares a common retnieval subroutine

The VSH maodel s coded 10 a FORTRAN cubroutine that returns vector wind and temperature values for a piven UT, peographic
location, and altitude 1t therelore, has apphcabilty for many studies of thenosphene andior wnosphenic physics where
reasonable . UT-dependent neutral wind profiles or single-point values are of interest: We note that portable computer modeis of
hermasphene wind fields have not previously been avarlable to rescarchers The VSH madel temperature saluss are of inteiest for
iwo reasons Binstly, they enuble the temiperature predictions of the NCAR-TGOM to be made generally avartable for companison
with measurements and semi-empirical models  Secondly, since the number of spectral cocthicients retined o the VSH
representation ts large compared with MSIS-83 and other semi-empincal models, the VSH temperature ficlds contan tocabized
lemperature structures, such as cusp temperature enhancements, that are commaonly Nltered cut of the semi-emptocal models This
Last leature, of course., comes 4t the ¢xpense of computer time (see below)
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The curreat version of the VSH model 1s vatid for solar maximum, December solstice condinions only, although the model can be
eatended 1o any season and any set ot geophysical conditions tor which TGCM tesuits aic available. Thie formulation ot the VSH
madud bas been designed o atltow Tor eapenuental data to be included in thie Laung procedure, enabling the tutuse developmeni of a

senn-cipinical model of thermosphieric winds through the suitable merging of experumenial mcasurements with the TGCM gridded
prodicivhiy.

I section 2, we describe the formulation of the new computer model {n section 3, we present results from the model or @ sola
imaauniung, December selsuce case comesponding (0 moderately active peomagnetic conditions, and cumpare these with 1)
2lobal-scale wind icasurements from the DE 2 spacecratt and 2) temperature probiles trons the MSIS-83 scan-cmpincal model.
I sevtion 4 we sumitianize our results and discuss the utihity of the VSH model and Tuture planned developments

2. VSH MODEL FORMULATION

The bass tor the VSH model iy a spectrad eapansion of output from the NCAR-TGCM The expansion s performed as past of the
FGOM diagnostic pachage descnibed by Killeen and Roble 71200 We baetly discuss the TGCM and the speailic vutpul used in the
proscit woik belote desenbing the funnalation of the VSH model.

the NCAR-TGCM has been discussed in detatl ina series of papens /10, L1, 13, 14/ and bere we review only the busic leatures. The
TGO M solves the hydiody tanug, e ninody nanie and contiiuity cquabions appropi e W ihe Larth’s thenmosphicie tor e given sl
ot geophysical, tme-dependent input conditions and stores the calculated wind, tenipeatuie and composition {(Mass nuaing rabo)
wutput Liclds at selected Universal Tumes (UTs) during the model run. The model has o 87 Latitude-by -longitude gnd with 24
Cotntabl-Pressute suilaces in the vertival, eatending frog approasately 97 « 30U A i altitude . The veesion ol Uie TGCM used in
they worh meotporates the coupling of dynamis and componition (217 and calculates the sola heatiig distnbution snd O;
Photadissoviation rates using the procedure descenibed by Dickinson etal 110, 217 The Hinteregger 122 solar EUV Hux values and
e Jorr et al 1230 solar UV Nua values are used W provade the duect solar nput cormesponding 1o the geophysical conditions
approprate o the particular model run The aon convecton mudel ot Heelty ctal 124, 15 used tor the specihication ol lugh-latiude
windnits Forthe examples discussed biere, the Heelis erul. model input paraineters were chosen o yield a Volland-ty pe sy nunigtne
wn-canvection geometry. The Char 125/ model of 1wonosphernic densties 1 supplemented by aurerad particles according (o the
prescaipioi ot Koble et ad. 1200 W provide the wn-drag wensor values iccessary lor ihe calcalanion ol both the wn-diay momentain
souted and the Juule heat source w the thienuosphere. The sutorat uval wsed iy sinulas 1o the statisticul patteins described by Spirv et
al X7 and Whalen 128/ The TGCM run used to construct the present VSH compuier model has been employed previously n
sovetal treotetical studics and tor compasisuns with DE-2 data /0, 8, 28/, 1is, thereture, well docuiticnted and we reter readers
Hhiose papeers tor mote detaded intonnation

The [GCM diggnostic processor /207 1s exercised following the basic TGCM model run. I reads in the history tile produced by the
TGUN as well as other relevant iput paranmieiers and then proceeds 1o caleulate disgnostic mlonmation at seiected model grid
ponits and U, The speciral analysis capability of the diagnostic pachage, W be descubed i more detail ina forthcoming paper, is
used to provide the coctficients tor the VSH model (see below). The history tile contains records ol the global wind, temperature
and cotmposiion Hields calvulaied by the TGOM at cach hiour of UT fur the 24 tour sinulstion. Geophysical conditions
cortesponding o Decembier sobstice, solar maximum, and moderalely acuive geoagnetic conditions (Kp ~ 1) were used for the
specitie TGCM run that hus provided the coetlicients fur the first version of the VSH model, presented here. The TGCM was run
uniih diurnal-reproducibility was attained, 1., “steady-state,” dirnally-modulated lorcings were used.

Lur the purpose ol the horizontal wind expansion, the gndded vector wind predictions at ¢ach of 24 UTs and at each of three
comstant-pressure levels (z = — 4, comresponding 10 ~ 130hm alutude; 2 = — |, corresponding to ~250km; z = |, corresponding
o - 4UUMIY are expanded using vector sphencal bamionie tunctons which are the approprate eigen-tunctions for vector fickds on
e spicre This eapansion has the following torma

Y = 2(4...,..&..... + blu_anAl + Cm‘acm,n) )

whaie Vs the vector wind field and ag, o, By g, €m.a 7€ the complex vector sphenical hannonic coetficients; mis the zonal harmonic
totder) and nos the degree. Here,

o
Pm_n = U cl“';
0
0 .
Ba=| AY <

] Vv l)

0 (] )
Cinn = il —',:"_~
N A ZIUREY!

whwte o 1y cast lungitude, und A7 and By are tunchions of 8 (colatitude) only (2)
Ap =SB
ut
T M p
sint })
P2 e the avsoviaied Legendie functions given by
veny = S e S -
Pie) = ?m (i b) FrLARL {x 11" % = cost )
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Thermosphenc Wind and Temperature Model (10)29

The complex coctficients are obtained using a least-squares (it of the TGCM output winds to the above formula. Conversely, once
the coetlicients dare available, the global wind field can be readily reconstituted in whole or in part, using equation 1. Since the
resolution o the TGCM gnd is S degrees, only those coefficients for which 0 <n < 37 and 0 < m < nare of significance. We note
that equation 1 s an expression for the full vector wind, including the radial (vertical) component involving P - While the two
horizontal wind components are coupled via the functions Ag' and BY', the vertical component is uncoupled and. sherefore, can be

simply expressed i terms of a (scalur) sphencal harmonic expansion involving the associated Legendre functions. Since the
vertical winds calculated by the TGCM are small in magmitude and, for some applications, not of particular interest, we (optionally)
substitute tor the vertical wind a scalar field such as temperature or mass mixing ratio and use the cocfficients a,, o 10 describe the
selected sealar field conveniently within our three-dimensional vector spherical harmonic representation. For the present VSN
model, we chouse to it for neutral temperature to provide a direct companison with the MSIS-83 model. The complete array of
coclticients for the it represents a large set of numbers, commensurate in size to the history file record of winds and temperatures
selt Thus, the desired reduction in the size of the set of numbers describing the output TGCM ficlds can only be attained by
truncating the coelficients. Such truncation, of course, tends to destroy progressively the fidelity with which the wind fields can be
reconsttuted, amd miust be carried out carctully 1o ensure that important morphological features in the thermosphernc wind patiem
are not lost unwittingly .

Figure | presents contours of the log (base 10) amplitude for the VSH cocfficients (real and imaginary) calculated for the <pectral
cxpansion of horzontal winds onthe 2 = Vand 2 = — 4 constant pressure surfaces at 1 200UT. As mentioned above, the specitic
TGOM run was chosen sinee it corresponds to the geophysical conditions for which much of the DE 2 data applics. fn the bigure, the
botion right triangalar section s unfilled since only coefficients with 0 < m < nare non-zero As can be seen, the amphitude and,
therelore. the power i the expansion is o maximum st the lower wavenumbers. The amiplitudes tend to diminish in magmitude with
increasitig wavenumber, as would be expected, though the amphitude drops much more rupidly with ancreosing m than with
increasine i The amplitudes torthe ¢ = — dsurface are smaller i mugauude than tor the 7 = 1 surface vince the wand speeds are
gencraily much reduced al the lower aititudes (e g, Ruble etal , 1117). The shape of the contours shownan figure | provides the key
o the design of g suitable truncation scheme (o reduce the mass of aumbers required for the speciral representation of the
thermosphienie wind Leld
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()l T. L. Killeen, R. G, Roble and N W, Spencer

In setung the level of truncation for the VSH model we used the stringent critenon that the high-latitude © crsals and vortices 1o the
neutrul wind pattern associaied with sonosphenic convection should be retiined  Ttwas lound that ateat o atat Lutiedbiol schic i
n-01 space gave eacellent results in terms of the fidehty of the reconstituted high- latitude wind tield ior the musanum number ol
cocthicients. Three levels ol truncation are indicated 10 Figure 1a. Level A corresponds 1o the numiber of hannonics comiwaly
retaed for semi-empincal wodels (e 5., MSIS-83) cimploying scular sphenval narmonies Lovel O oo, nuncating the
cocthicients atn = 30, m = Y) was found to provide almost perfect fidelity for the neatral wind iecutstitution Foi the W SH e,
we ciiploy truncation at level B (n = 25, m = 5), which represents 4 good comproninse between numinzing the size of the retained
coclhicient wray (and therelore the computational tunie 10r wind syntheses) and hecping the required high-latitude wind situs taie
Note that the empincally-optinuzed truncation scheme favored highier values ol fover me This i due o the elatively laige
amplitudes of the Litted coetfwients tor large n, smiall m; these particular coethicients contain the INTOMMaLon necessary to dosctibe
the telatively sinali-scale lgh-latitude neutral wind structuse,

The VSH expansion, discussed above, is only or a single constant-pressure level and for a piven UT Tao extend the expansion tu
iciude the weinporsl evolunon ol the wind field over the 24 hour diurnal TGOM simulation, we repwat the vector sphencal
hattomie expatsipn for all 24 hourly hustory tile tecotds and then perioni g conventwonal complea Tounet Lune sehies o hi W die
individual VSH coctticients We have fuund that tie lounier cocthnents so ubitamed thay Ix buncated such that vndy soven
Gncluding odd and even founer coctficients) aeed 10 be stored 1o desenbe the disrmal variastion of the “sicady state™ neutial wind
Leld teasonabiy well, meorporating the well-hown “UT eltecth” associated with the diuinal tevolution o) the geonagnehic poic
abuut thie geograptie pole Clearly, tor a situabion where the thermosphicie s distaibed, such us duting o poaiisgictie slonin,
additiongl touner coethicients would be required 1o describe the more comipley time dependences The touer seios runcabiot
wsed hiere, bowever, s adequate tur ihe dirnally -reprodecible case The Lial part of the expansion deahy wath the alttudingl
structure of the windy atid (euperatures. Since the vanation in altidude ot the neutal thenmosplicie hotizontal wind predicied by the
NCAR-TGCM s relatively smooth (see, tor example, Ngate £2 0l Sica efal |29, we comnplete i wind capansion by Tiling e
- Louiwe s tune seres cocthicients o a sintple, second order potynomia! 1in sllitude. The conversion tom constant-pressuse levels w

allitudes 1y made using the caloudated global averages ot the heights o the specific constant-pressule fevels carried lorwand fo thic

»
e

s V5 model This conversiun imtroduces sinall inconsistencies between thie TGOM wad WVSH wid predictions that are ot
B | vomidered 1o be obhimporance fur the stated purposes of the preseat work . Inthie cuse 1 the wind alutudinal vanation, an additianal
) J,'\ constiail s placed oo the VOH altitude pratile w torce the individual wind coinponcnt values W reach comstant (v e L exosphicnc)
) "- values above ~ 300K This constrant s Justilicd, on theotencal grounds, by the tigh hincinatic viscusity ol the atthosphicic at
B -

these heights (which tends 1o reduce vertical wind shears) and, v expetinental grounds, Ly the D 2 data which shiow hittle
altitudingl struciuie above ~400k .

Fortemperatures, we replace the polynomial alilude expansion with a two-parameter fitto a Bates model profile 130, 317 having the
appropriate monotunie form, with the asymptotic (exosphenic) temperature and scale-height parameter given by the fit.

The thiee expansions, namely, the VSH eapansion in the horizontal (including the scalar sphencal harmonic expansion for
weimperature), the tournier seriesin time, and the polynomal (or Bates profile) eapatision i altitude, complete the tull descaption of
ihe TGOM wind and temperature simulations. The tull set of numbers contaiing this descriphion at the maxinum aceuracy would
Colprine i aitay of dincnsions 37 X 18 < 6 X 25 x 24, curtesponding Lo, fespectively, the order (n), the degree (m), the
compunents of the cumiplex coethicients (s, b, and ), the Tourier bine senies, and the altitude pulynonial. With tic trubcanon levels
discussed ubove, we reduce the coetlicient array size to the dimensions 25 x § x 6 x 7 x 3. Thus atutal of 15750 coetiicicnts are
stuted 1or the VSH hodel. We consider this o be close 10 the ninimum number required 10 descnbe the tull diurnal, spatial and
slttudinial vanation ot the thermosphene vector neutral wind and teperature helds asing sphencal hanmonies wiile retaning the
important high-latitude wind structures (vortices and reversals) vbserved trom DE 210 might be possible i the tuture to tuither
teduce e size of the required coclticient array by choosing a different set of orthonormal functions for the eapansion, optimized to
provide high spalial trequencics at bugh latiudes (A, D Kichaiond, 1983, private cominuiication).

The ¥ SH model consists of the stored set of coefticients (occupying approximately 300 blocks of disk space ona VAX or PDP-type
cotnputer), plus 4 subroutine designed 10 reconstitute the vector wind and inperature values at any given geograpiuc location,
altiude and tune. The subruutine perfors the inverse set ol amstornmaitons w thuse that provided the cocthicients, 1ecovenng,
sucvessively, the temporal, spatial, and alutudinal information 1 return geophysical winds and temperatures. The computer e
ticcessary fof s “syrdhesis™ ol moded predictions is significantly longer than fur similar caiculatons using MSIS-83, duc to the
ihuch farger number o calculations necessary . We have lound that full global 5 degree X § degree wind and temperature hields can
be valvulated wning the VSH moded withun a few minutes CPU timie on & VAX 750 machune. Much shorter computer tines,
however, are reguised o caleulate, tor example, the disrnal varistion of the neutral winds over a given ground-based obscrvatony.

Fur most apphications, computer Lime van be reduced considerably by using the most efhcient pesting of 1O Joop calls 1w the
. subluuling

.
L
o~

S

* o subtouine anid docuineitation Becessafy 1uf ils use can be vbtained lrow une ol the authors (TLK).

::‘ - 3 EXAMPLES OF RESULTS FROM THE VSH MODEL
SN )

:-‘ As mentioned earlier, the present version of the VSH model was designed to comrespond with much of the DE 2 data base. [n tigures

N : P g po )
o’ 2uib), weshow nurth Bouth) polar projections tlustrating VSH model vector winds Gncyan) caleulated for an altiiude of 400k at
the uppropriate Universal Time comesponding to orbit 1819 (7438) of DE 2. The VSH winds are overlaid with the micasured vector

f' waid incasurements troim DL 2 (n yellow) made at altitudes of ~400kim by the Fabry-Perot interterometer, FPL /17 and the Wind

In the next section we present various results from the VSH model to illustrate its current capabilities. The VAX FORTRAN

and Teiparature Spectroincter, WATS, 727, The DE 2 vector winds are gencrated Hrom the measurcments ol these two instiuments

.- usitig 1he datu-merging techingue of Killeen et al. 13/, The DE 2 data shown were selected on the basts of the moderate-1o-active
'-:.' tevels ul geomagnetic ativily existing at the ume of the orbital passes (sce Kp values indicated). In both nonthern and southem
e casey, caccllent gualitative agrcenient between the VSH model winds and the DE 2 mcasutemicnts 1y evident, with the
e . UT-dependent locatons of the vanous ligh-labtude morphological wind teatures well described by the model. While exaat
:',.: agrecnient between individual DE 2 measurements and VSH model values is not obtained, nor expected, the VSH winds clearly

pruvide icasonable rosults that wie directly comparable with the observations, both in magaitude and ducection. They ate also usctul
m providing 4 heansphene conteat tor the uierpretation of the DE 2 measurements.

@

-

' ,\J Ihe results shown in Figure 2 indicate that the vanous high-latitude features built into the NCAR-TGCM, such as the ditfering
A4 ulhely beiween geographic and geumagnetic pules in the two henuspheres and ¢ donunaung influence on the neutral wind pattern
" ol diag assantated with the twin vortex wnosphiene convection, ane reflected in the VSH computer model. 1, ol counce, these
o high-latuude Jeatures that determuine the VSH coctficient truncation criteria discussed abuve.
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Fig 2 Polar projections (solar local ime and geographic latitude from pale to 40 degrees) illustrating the VSH mode! wind ficld
{tyan arrows) for a) the Northern high-latitude region and b) the southern high-latitude region. The VSH wind vectors were
calculated, i each case, at 400hm and for the UT appropriate to the DE 2 observanons shown in yellow . The solar termunator is
grven by the curved blue ine Dotted yellow arows indicate sections of the DE 2 pass for which there were no FPLimendional)

wind measurements available. The wind scale 1s shown al Jower nght.

Tu provide a more fully global perspective of the VSH model winds, we show in figure 3 a cartesan plot of global vector winds
cabeulated uning the VSH subeoutine at the $00hm alttude level. Also shown for comparson are the DE 2 vector wind
measurements Made between altitudes of --350.500km during orbit number 7431 The measured vector winds again aifustrate
reasonshle qualitative agreement with the VSH model calculanons i all regions. including the mid-lautude, high-lattude and
equatonal regions [n general. for this ot the measured high-latitude winds were larger 1n magnitude than the VSH model
values. although the reversal boundanes and the locations of the main momhological structures are in good agreement. Onee agam,
our conclusian is that the VSH winds provide reasonable values (at least at upper thermosphenic altitudes) that compare well with
DE 2 global-scale measurements made duning moderately-active geomagnenic condshons
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:‘; Fig. 3. Cartesian plot (geographic latitude and local solar time), illustrating the 'VSH global veetor wind field at 400km (cyan
S artows). Also shown for comparison are the observed vector winds (in yellow) from orbit 7431 of DE 2. The wind scale s o
. luwer nght and the curved red line represents the solar terminator.
N
Atrd example of VSH wind comparisons with DE 2 data is shown in figure 4. Here, we plot averaged zonal wind MEasurements
tiade using the WATS instrument during 1981 and 1982 for measurements taken within 5° latitude of the geogruphuc equator.
[hose results are tahen trom the paper of Wharton et al. 18/ and depict the average of many orbits of data. The VSH wind results are
shuw i by the solid line together with a low-order fourier it 1o the data made by Herrero und Mayr 132 Itcan be scen thal the VSH .
conal winds provide a good Ninst-order (it o the averaged WATS data at all local times, with u small phase lead. an(. ';"
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Thermospheric Wind and Temperature Model (10)213

As s further cxample ot the utility of the VSH model, we show in Figures 5 and 6 the VSH mode! calculations for (a) zonal wind, (b)
mendional wind and (¢} temperature, calculated as a function of UT and altitude over lucations at the geographic equator (Figure $)
and at Svalbard, Norway, (78.2°N, 15.6°W) (Figure 6). Also shown for comparison in these figures are (d) the MSIS-K3
temperatures for the same solar maximum, December solstice conditions. These figures serve to illustrate the altitude structure
given by the computer model for a low-latitude location and a high- latitude location. It can be scen that the altitude vanations of the
VSH wind and temperature results have the required asymptotic form. There are, unfortunately, no giobal-scale measurements ot
lower thermosphere winds available with which to compare the resulls at alutudes less than ~250km and the validity of the VSH
model here s, therefore, linked solely to the confidence placed in the parent NCAR-TGCM calculations Since the NCAR-TGCM
sofves the full set of “primitive equations™ for thermospheric dynamics and since it has proved remarkably successful in the
experimental tests at upper thermospheric alutudes, we believe that the VSH model provides valuable estimates for the entire
altitude profile of thermospheric winds.

. VSH MODEL DEC 1880
' EQUATOR { 0.0, 0.0)
(s) LONAL WIND (M/9) (b)  MBRIDIOKAL WIRD (M/8)

AL
o

0. 4 8. 12, 6. 20. 24 0.
UNIVERSAL TIME (HOURS)

Fig. 5. Contour plots illustrating the altitudinal and UT-dependent variation of (a) the zonal wind, (b) the meridional wind, and
(¢) the temperature from the VSH model for calculations made at a location on the equator (latitude 0.0, longitude 0.0). Also
shown {d) are results from the MS1S8-83 model for solar maximum December solstice conditions.

VSH MODEL DEC 1880
SVALBARD ~ ( 7B.2, 15.8)

LONAL WIND (M/8) (b) MEBRIDIONAL WIND (M/8)

UNIVERSAL TIME (HOURS)

Fig 6. Same as for Figure 5 except for the location at Svalbarg, Norway (78.2 latitude, 15 6 longitude ;.
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[RIYME] T. L. Kulleen, R, G. Roble and N. W. Spencer

The compansons between MS1S-83 and VSH model temperatures, shown in Figures 5¢ and J and 6¢ and d, are of interest since they
puint out the major ditference between the two model profiles. For the equatonial lovstivn showa i Figure §, the MSIS-83 and VSH
temperature protiles are in excellent agreement, as would be expected since MSIS-83 provides the background model mput
atmosphere Tor the iniual “spin-up” of the NCAR-TGCM. There are, however, appreciable differences evident between the VSH
teinperatuie contoun and the corresponding MS15-83 profiles at the high-latitude Svalbaid location, showitin Figure 6o and d. The
reasuny tor the apparent discrepancy here is related to two fuctors, (1) the different number of spectral harmaonics used in e
MSIS-83 and VSH representstions, and (2) the high-latitude heat source due 10 solt particle precipitation in the dayside cusp region
ciiployed i the NCAR-TGCM. MSIS-83 uses telatively tew sphenical hasmonies and 1>, theretore, hnuted in the eatent o whichat
Canimodel local structures in the temperature ficld. The VSH model, on the other hand, uses ~3 tnies as tany harmonies for the
syathests of its emperature field and is thereby able o model refatively smaller-scale features. The busic difference between ihe
shapes ol the MSIS-83 aind VSH temperature contoun in Figure 615 due 10 the passage of the Svalbard location through the dayside
Cusp tegon near USUO-09OU hours UT. The NCAR-TGCM employs a high-altiude soly particle hieat source i this region os
discussed by Roble etal. 126/, \cading to @ signiticant local, high-altnude temperature enhancement. The VSH model reflects this
modeled dayside cusp high altitude heating, while the MS15-83 model does not show the feature.

We conclude that the VSH model, by virtue of the relatively Lurge number of harmonics retuined in order to model the high-latitude
wind structure, is capable of modehing local temperature features that are filicred out trom models that use Jewer harinomics.
Cilauy all open experunental question whethier teatures such as twe cusp lCimperature enbancement tlustrated in Figure 6 we
idecd prosentin spaceeralt data sels,

4. SUMMARY

A computer model of the thennosphene wind and emperature ficlds, based on vutput from the NCAR-TGCM, has been
cumstructed using i vector sphericad harmonic expansion techaique. The model ts coded i a portable FORTRAN subroutine that
tcads 1 g set ol cocthicients containing the distnal, altitudingl and spatial intonination necessary 10 synthesize the global wind and
temperature fields. The current version of the model is vahid tor solar maasnum, December solstice conditons 1 has applicabihity
lar users who require reasonable values of neutral winds and tempecatures tn theoretical of comparative experimiental studics.
Comparisons with DE 2 ubservations have been used to illustrate the validity o) the wind 1esults of upper thermosphenc albludes.

The model framework can be eatended 1o incorporate scasonal, solar cyclical and geomagnetic activity dependencies simply by
runiig the NCAR-TGCM for specified geophysical conditions and calculating a set of spectral coetficient arruys We plan to
Creaie o lamuly of coelhicient arrays in this ihanner that will provide reasonable wind and temperature resulls tor a systemalic range
ul cunditions (sulbstice, equinox, sulas nusinu, active, moderate, quict, distuibed, cie.) The retnieval subroutine will be conmuon
o these coeiticient arrays. We abso plan to use the VSH model frumework 0 develup a semi-empincal model of thermosphene
winds by apprapriately merging observational data trom DE 2 with the TGCM gridded caleutations prior o perfornnng the vector
sphenical harmone expunsion descnbed i ths paper. This work is underway.
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AN ANALYSIS OF THE EMPIRICAL MODELS
AND THE MEASUREMENT RESULTS OF THE
POLAR ATMOSPHERIC COMPOSITION AT
120-150 km HEIGHT

S. I. Avdiushin, A. A. Pokhunkov and G. F. Tulinov

Institute of Applied Geophysics, State Commitiee of the U.S.S.R. for
Hydrometeorology and Natural Environment Control, 123376 Moscow, U.S.S.R.

§= (o/N,) /CO/N,) 4 ratios are analysed for the polar thermosphere
dependinf *Pon thé B°d geapon and the heliogeophysical activity where
(O/Nz) values are measured at high latitudes with radiofrequency

mass< XP gpectrometers at MP-12 rocket launchings and (O/NZ) od values
are calculated for the corresponding conditions of cvery B9 oxperi-
ment from 4 models (DTM, MSIS-77, MSIS-83 and Kohnlein mwodel (KL)).

The analysis reveals _certain regularities in variations for different
modelses In summer ptn does not depend on the heliogeophysicel activity
and is within a factor of 2-3 for the polar cap and the daytime cusp at
150 km; during the polar night &pry depends on the geomagnetic distur-
bance and varies with the solar activity cycle.

The ch and.‘SKL values have little dependence on the heliogeophy-
sical ébgﬁlzZOns and have approximately the same sgasonal variations.
During the polar night & q.g3 SOTTesponds to 1 = V.25 at high and
low solar activity. The incréﬁgﬁ 5 in J dispersion for every model
concidered is noted at low solar activity in the morning and evening
sectors of the auroral oval,

The recent decade has witnessed the development of a great number of the
thermospheric emplrical models /1-3/ based cn the use of the results of the
catellite temperature and composition measurements by meuns of optical and
maas-spectrometrical equipment. In some models /3-5/, along with the stated
measurements, use was made of the results of satellite drag, as well as of
some parameters of the atmospheric upper layers measured from mid- and

lovwi—= latitude stations using the incoherent scatter technique, One of the
recent models is MSIS-83 /8/. To build this model, along with a large
amount of the above mentioned data, use was made of rocket sounding data

at heights above 80 km, All the referenced models are empirical in which
atmospheric parameter variations are given as cxpanslions in spherical
functions. Expansion coefficients depend upon the season, solar and geo-
magnetic activity, respectively, and in some cases upon the longitude and
the universal time, All the mentioned models, with diffcrent degrees of
validity, describe secasonal, latitudinal and diurnal effects in the compo=
sition variations in the thermosphere and thelr dependence upon the solar
and geomagnetic activity.
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® A comparative analysis of the models was carried out in references /9,10/, “

Po- where the begt agreement iu shown for moderate solar activity (’wO(F,0 thO).

. Due to the use of a large amount of satellite duta these models are ‘!

.- known to give, as a rule, a satigfactory description of the atmosphere at

Y. - 250-500 km height, For lower heights (100-200 km), due to a lack of

V.- sufficient experimental data, the models huve been built mainly by extra-

Ve polation of the satollite measurements to the values of the lower boundary

::{ atmospheric parameters. Values of these parameters and the levels of the |

boundary itself are different for different models. Thus there is a certain
;!Q degree of arbitrariness in wodel atmosphere descriptions of heipgnts bulow
satellite measurenents,

]

[

¥:: The same 1is equally true of the lower thermosphere in the polar region,

bﬂ for this region the model description, due to the complexity wand diversity
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of physical processes caused by the specific character of magnotosphere -~
atwosphere relationships and the lack of necessary experimental data, is
8till in its iprancy. In this respect it is of sowe interest to estiumate
the degree of applicubility of theo models already developed for the
description of the lower thermosphere in the polar region.

To analyze and compare the calculated data with the experimental ones the
following models have bwen chosen: DIM /4/, WMSIS-?? /6/, Kohnlein (KL) /7/
and XSIS-83 /8/. The rocket measurements of the atomic oxygen / nitrogen
ratio /n(O)/n(Nz)/ obtuined with a radiofrequency mass-spectromutur were
used a3 the ©XPgxperimental data, This ratio 1s known to characterize
the uppul atwosphere 8tats, in particular its thermal regiwe, This ratio 1s
likely to decreas¢ with tempurature incroeasu, whu ‘ockot experiments
startced as curly as 1967 on ilvyss Island (gu H 58 g) and trow shipboard in
the high latitude Atlantic region (66 - 247N, O - 5°W)., The measurcuments
have been carried out at difrerent phases or solar activity during the
swaner and winter svasons at geowagnetic disturbance levels characturized
by Kp valuus, goenerally within 0 - b,

While couwparing the experimental and calculated values the analysis was
wade for a certain height making use of the ~ parawster, where
u(u)/n(uz) values wore calculated ror every wodel out of tue 4 specified
wodels moaualng input purameters corresponding to cuch rocket esporiscnt,

8 - values at a height of 150 km for the polar winter and summer are given
for different models in Fig, 1 - 3, In these tigures § is given de -
ponding on the solar activity charactericed by the index or the solur radio
flux in the 10,7 cm wave length tuken twenty four hours prior to the expo-

riment,.
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ig. 1+ Variations of the 8-parameter for the DTl model versus
the index orf the golur activity (F10 7) for the polar nicht conditions

reasing values 1o observed. Tor the polar
sumaer (light circlea in Fig,1) B  values are practically independent on
Lhe solar activity and the wmeuan value is about o,

N (aark circlesa). For comparison the light circles designate &- valuus
-3 corresponding to polar aay conditions, ‘
NN s 1y shown in Fige. 1 the DI model, under winter cconditions and at low
PR solar activity (<0< F’IO < 100) underestimates by up to a fuctor of & the
Y valuvs of n(O{/n(NZ) *fat 150 kn height., In addition a considerable
. scatter in & 1s © noted., it woderate solar activity (10U < k. . < 150)
o under the polar winter conditions the scatter decruases and cné ‘/mudel
. valucys u(OS/u(Na) approach the ciperimental onese Jith iucrease orf the
"o solar activity “(1ou < Fﬂu " < 2:.0) the diupersion in o} arein incrceasues
. and « trend  towards *dec

s
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As is shown in PFig. 2 the USIS~77 modul under wintur conditions (durk
triaugley) and at low solar activity (60 < I, . 7<..“,0) both overestimutes
eld widvrestimatus by a ractor wi 2 the vulusg‘ of n(0)/n(N.), a consi -~

derable gcatter in 18 uluu notude At the wodurate level” of the solar

AN

@

-‘-'_: 1

AT Y

Lt

Y R

R L. IR A N SRR e T ":“\r.':l‘\". -
d . ‘e g At . < CoeL e Yy . Carl AN IR LR ~ -
d R R PRSP A PO P T S et Mt . S S M S S S N Py S

olaly el e e Ak e A AT R T W TR AT RS L O AT

’
:
3
9
3
.
E.
N
“




\:PDOQI‘d in
s ‘cnents
Y the

"N

‘epecified

{(periment.

‘i

~ire given
Cdo -

ar radio

e €XpEm-

hY

.
o
>
¥
el

h '] —w T
o . )‘.-.'/..

"
’~

Jus
".:-‘Ki tions

"~ Values

@

»
3

150)
del
the
. ICiages
wolar
Nt on

& -,

.
o

AARRR AT

x
£l

»

A
o=,

e dd il el ket Al o et aoe ae e an. o
. S8 oLh ole see apu iy oo

i e el il LA Sl Gl tad Gttt e sen gl o TR

Polar Atmosphenic Composition at 120-150km (1m21y

&
o] Sriumtyusis-n
] P ey I
2e 150 kn
2{ 4 °
[} A
A a °
adt & o
D *A;Yf - - P? A- —o*
] a "){*{: A +'¥ . 1 A
08‘ "A‘A -t* + A +
06 Y sy 4"' A A
0] ++ .
4
++ ax . }
041 s +
{ ‘
Qz . Y ar
100 150 200

Fig. 2., Variations of ) parameters versus F1O 9 for MSIS-77, KL mo-
dels and the experiments carried out on Heyss */Island under polar
night conditions (( & ) ,and ( + ) respectively). YFor comrarison ( & )
and ( 0 ) designate values for the same models for iLhe polar day
conditions.

activity (100 < Fio 7(150) a scatter in O values decreases and on the
average rewains *fat 0.8 level, With increase of F10 7 (160 < F 0 7<220)
a scatter in increases and its value is lowered ~“*‘to 0.4-0.3.'

It is characteristic that in winter at moderate and high activity the con-
dition & & 1 holds true, For summer conditions values, as a rule,
exceed 1 at all values of F10‘7.

The KGhnlein model (KL), as is seen in Fig. 2, describes the winter and
summer atmosphere at 150 lm height almost in the same way as model LSIS-77,

)

Model LISIS~83 values are presented in Fig. 3.

S MSI1S-83

. Z=150km
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°
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QB—J' . .. o (o] [ ] o S
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[ ]
100 150 200 Fe,

Fige 3. Variations of the Er parameter for the .LIS~-33 wodel and
the experiments carried out under polar winter conditions on teyss
Island ( ® ) and from research ships ( 0 ).

Dark circles designate winter conditions and light ones guamer conditions.
As in the previous models a considerable scatter in 8 values is shown
for low solar activity. llowever, a trend to group around one is noticeable.
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It is of interest to compare the high latitude values with the same para-
metor taken at middle and low latitudes for the same season and at the sume
lovel of the solar activity,

To analyse the latitudinal profile of 8' use was made of the regults
or the rocket experiments carried out in the Atlamtic during the voyage of
the "l'roressor Zubov" ship in May - June of 1980, During this period 8
AP=-12 meteorological rockevts equipped with mass-gpectrometers wers launched;
4 rockets were launched in the auroral region ip the night suctor ot the
auroral oval, 2 rockets at middle lutitudus (45°N) under night and daytime
couditions and 2 rockets were launchoed at the equator,lhe latitudinal pro-
Tily, o the wixperimeutal data deviations from the corresponding models

( © ) for 125-150 km height iB presented in ¥Fige 4, Tids figure shows

8 5} ..
4 Z25km 4 Z=150km
- - ipne OB
- 1 = 4.,
[ - g K
21 ->.<‘ 24 { 2: ::zn: =515 -79?
A - A
1 :U + 1"_':- =8
1 e 3 x 4
1 & ] }g %f
o
] é q! A .
04 ° ]

80° 60° 40° 20° 0;90' 60° 40° 20° O0°F

Fig. 4. Latitudinal and diurnal variations of the é; parameter
obtained frow the results of rocket experiments carried out during the
voyage of "Professor Zubov'" ship and the model calculations.

that under conditions close to the summer solstice at maximum solar activi-
ty (1930) the models considered give, on the whole, the enhuuced tempera -
ture values rfor the polar region whereas ror the middle and c¢guatorial la=
Titudus the reverse tendency is noted,

The experimental results presented in this paper appear to be insutficient
To solve the problems of cupirical modelling of the polar therwosphero.
levertheless these results permit an estimate of the poculiarities and the
degree of applicability of the wodels considered for the description or the
low tuermosphere state at polar latitudes,

Tnus, fror eéxample, a relatively small scatter in 8' at wean values of
P, 9 indicates tﬁat the models have been built on the basis of the sutule
1195 data suumarics obtained mainly at moderate levels of solur activity,
The DTl model seecms to give enhunced temperature values (for llip & 5) at
low solar activity under polur night conditions, This excess probably
occurs for the duytime polur thermosphere under all §0lar uctivity levels,
The w2I5-77 and KL models, on the contrary, give underestimated temperature
Values for the nignt polar therwmosphere under all levels of solar activity
ald tend to give cuhanced teumperatures in swamer period, The more complete
and sophdsticated WSIS-83 model, involving corrections 1or averuge muss
transport, variations in the turbopause height and photocheumistry is cha=
ructerized by the absence of the O = deviations Lfrom one observed in the
previous models,

Purther improveument of the models has to be directed towards the more de-
tailed description of the polar thermosphure variations, with due regard
for the specific chardctur or the magnetosphere-atmosphere relutionships
involving the energetics of the current systums and the precipitating cor=-
puscular fluxed charucterized by a high degree of locallzuation, dupending
on the level of heliogeophysical activity and the tiuwe of the uay.
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THERMOSPHERIC STORMS

G. W. Prolss and M. Roemer

Insttut fir Astrophysik und Extraterrestrische Forschung, Universitat Bonn, Auf
dem Hugel 71, D-5300 Bonn I, F.R.G.

‘

ABSTRACT

Severe perturbations of the neutral upper atmosphere caused by the dissipation of usolar
vind energy have become known as thermospheric storms. This review summarizes the tempera-
ture and density changes observed during such events. The following topics are discunned:
{1) the morphology and origin of composition changes at high and wmiddle latitade.;
(2) low-latitude effects; (3) time delays between magnetic and thermospheric perturbations;
(4) systematic variations; and (5) accuracy of model predictions.

1. INTRODUCTION

In agreement with the more narrow meteorological definition, thermospheric storms are
accompanied by winds of high velocity. However, they also include large changes in other
state variables like the temperature and composition, which are the topic of the present

review. In this respect, the term ‘'storm’ 1is used in the more general sense of a severe
disturbance, as is the case, for example, in the term '{onospheric storm' or 'magnetic
storm' .

Whereas a quantitative description of smaller perturbation effects is hampered by the lack
of 8 reliable base line, this is not the case for storm associated changes. Here periods of
low magnetic activity are entirely sufficient to serve as a reference. This is probably one
reason why storm effects have been documented so frequently /e.g. 1-25 and the numerous
references therein/. Another reason is the hope that larger events would emphasize the
basic physical processes at work. And sometimes it may have been the sheer magnitude of the
storm effects which fascinated the observer.

In spite of the large effort which went into the study of thermospheric storms, many of
their properties remain incompletely documented and understood, testifying to the complex-
ity of this phenomenon. Thls review attempts to summarize what is presently known from
observations sabout this effect. The material is thereby organized in the following way.
Section 2 describes the morphology and origin of composition changes at high and middle
latitudes. A discussion of storm effects at low latitudes follows (Section 3). Section 4 1s
concerned with the time lag of atmospheric perturbations, and Section 5 documents some
systematic variations of thermospheric storm effects. Finally, in Section 6 measurements
are compared with model predictions to indicate the accuracy to be expected from present-

day models.

2. COMPOSITION DISTURBANCE ZONE
At high and middle latitudes, thermospheric storms are characterized by

- an increase in the gas tempereture‘
- an increase in the heavier gas constituents like argor., molecular oxygen, and molecular

nitrogen

a hejght-dependent behavior of the major constituent atomic oxygen with a moderate de-
crease at lower altitudes (< 300 km) and a moderate increase at higher altitudes.

- a decrease of the light constituents like helium

and a complex behavior of reactive constituents like atomic nitrogen and nitric oxide,
whose abundances are partly determined by chemical processes.

Figure 1 illustrates some of these changes for a large thermospheric storm. Variations of
the exospheric temperature and of the argon, molecular nitrogen, atomic oxygen and helium
densitiea are shown as & function of magnetic latitude. The exospheric temperature was
derived from the N_ density measurements using standard hydrostatic techniques /26-28/.
Although of Hmited? accuracy, this inferred temperature should reflect the basic large-
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slale behavior of the temperature perturbations (e.g. /15,29/). Using this tenperature, all
Jensitles have been reduced to a common altitude of 280 km. In addition, they have Dtip
Lortalized Lo prestorm conditions. Thus R{1) 15 defined as the storm-tine value cf the 1
f.-tituent {(or parareter) divided by the corresponding quiet-time vaiue; and k{11 serves
a reference, mearing no change with respect to quiet times. Note thal 3n theil Lorfo.
Je of operation, gas analyzers (mass spectrometer instruments) cennot distinguish Letween
cric and molecular oxygen (an exception is the fly~through mode describec in /30/).
fatead, the total oxygen content 0+2 O, is measured. This presents No problien as Jong as
Sne ol the two components is & minor constituent, as 18 the case for the quliet-tifie ujper
t.ertasphiere (bay, #sbove 200 km)., Here the total oxygen content is close to the atuiic
Crygels Jdenslty. Daring storm conditions, the situation may not be as »sifple, and the
feawaied oxygen content should be considered an upper limit to the actual oloric oxygen

defsitly.

L L viinent festure of Fig. 1 is the well-developed composition disturbance zorne at high
ard ~1ddie iatitudes. It is marked by a temperature increase of more than 500 K and - at
Sl et altitade - by 8 70-fold increase of the argon density, by an o-fold dnLirease of the
f.liigen density, by moderate changes of the atomic oxygen density (rou %) alid ty & lerge

Sewleacse oI the helium density to one-tenth of 1ts prestorm value.

—
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Fig. 1. Basic latitudinal structure
of a thermospheric storm. The upper
panel shows the developrent of the
magnetic activity during the event.
It also indicates the times at which
the storm data and the qQuiet-time
reference data were measured. The
lower panel presents storm assccliat-
ed changes in the exospheric terpera-
ture (T_), in the argon (Ar), mulecu-
lar nitrogen Btor1c  oxygen
(0), and he)xum %He) dengities, 1n
the molecular nitrogen to atomic oxy-
gen concentration ratio (N_/0), and
in the total mass density (p). The
exospheric temperature has been
inferred from the nitrogen data. All
density data have been adjusted to a
common aititude (280 km) and rormal-
ized to prestorm conditions. In this
kind of presentatian, Rin)zl serves
8 reference, meaning no change
\:.?R\respect to quiet times. The
data refer to the norning local time
sector (approximately Q900 SLT) and
fall conditions. At the equator, the
U G | 1 L.y 1 JEY geographic longitude and universal
) 20 40 60 80 time of observation were 246° E and
6:52, respectively.
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Thermosphenc Storms (1)228

The lower part of Fig. 1 demonstrates that the molecular nitrogen to atomic oxygen density
ratio s weii-sulited to study the latitudinal structure of the composition disturbance.
sieteas ins.de the perturitation zone this paremeter thows a definite increase, indicating
uoth tre extent and ragritude of the composition disturbance, the lower lJatitude regime is
craracterized ty a la.k of change in this ratio. Additional advantages of this parameter
are 113 lurge-scale height, «h1ch makes 1t less sensitive to helght adjustrent procedures,
ard 1ls C.0se as>3CC.ation with donospheric perturbation effects (e.g. /20/). 1ln contrast,
tne  tctal nass density o, ais0 shown 1n Fig. 1, 1s certainly ill-suited to study the
Jiztortance rorpholigy. In the height rarge con.:dered, variitlons in this parareler are
caisely Lirked o Changes in the atomic oxygen density, Therefore the elfecls are rela-
tively smali, and, in addition, height dependent. An exception is the low latitude regite,
ehere chalges 16, Telflect tnose of the 1ndividual constituents.

taszic latitudiral varletiorn of the composition disturbance is similar to thet
£. 1, Fore corplex structures are sometires observed. This is docurented 9
hoopreserts trerrospheric storm data obtained during three consecutive satelllte
A.i densitles Nave Leen normalized to low-latitude reference values. The feature of
interest here s a mid-latitude disturtance zone which 168 well-separated from the polar
dicturtance zone. lonospreric data not only confirm the existence of thls iucalized
perturtation strudture, they also show 1ts relatively stable nature /11,31/. Ancther point
¢f 1hterest 1s» the largeé variabllity observed from cne ortit to the next. lonospheric data
indicate tnat lhese varlalions are primarily due to longitudinal gradients and not to

Tetporas Changes.,

280 Km 196 °E

172 °¢

RIN)

AR

N2

[e

HE ) Fig. 2. Complex changes in the lati-
tudinal structure of & thermospheric
storm. For three consecutive ortits,
147 °¢ storm-induced changes in the argon
(Ar), nitrogen (N_), oxygen {(0U) and
helium (He) densities are shown as a
function of magnetic latitude. All
data have been adjusted to a common
altitude of 280 km and normalized to
densities observed outside the dis-
turvance zone, {k(n)=1 eserves as a
reference with respect to these vai-
ues). The measurements refer to the
late morning sector ({ajproxinately
1100 hours local time) and to late
summer conditions {(21/02 Felruary,
southern hemisphere). For each or-
. tit, the geographic longitude (east)

1 i 1 A
of the eguator croessin 18 1ven on
80 60 40 20 Gua £ £
the right.
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o fesides these large-scale structures, considerable smaller scale fluctuations are a perman-

«nt feature of the composition disturbance zone. This 1s illustrated in Fig. 3, which shows
the 1nltial phase of & moderately disturbed period. Whereas some of these fluctuationg
éppear to be locailzed disturbance peaks, others are more wave~like in character.

15 40 54T 152
vl [
(ONG | 71‘“ 236 Km

! N,

I ]o

i dn

Y33
18a

3 04
16}

37
1 :
38 Fig. 3. Smaller-scale structures in

— storm~induced composition changes.
Composition changes for five consecu-

N tive satellite passes are presented
as & function of geographic lati-

F S SRS S SR 5 tude. The data refer to a common

80 70 80 80 70 60 altitude of 236 km and have been nor-
malized to density values measured
outside the disturbance region. The
0 iinear scales (different for argon
and the other three constituents)

‘/\" are indicated in the upper left-hand
corner. The local time sectors cov-
ered by the measurements ere speci-

— fied &t the top. On the left, pags .
number, universal time, and geogr‘ap;—\ i

L 1c longitude at 45° s are given. Sym- \

¢ oY
IR

v 19 f N tale indicate 60, 70, and 80 degree
i 1L e — . i inveriant latitude and are identi-
s [\ s 30 48 60 73 %0 75 fied in pass 3 /32/.
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U.e heavier gases and the simultaneous decrease of the lightlerl goses 2 ot
i

several mechanlisms have been 1nvoked 10 eXxjlalf, lias ;leiodelil. '
ree ol theze S -~ whilch are Ly noc means mutuaily exiidanlve = oic s...lfeled arn,
: Y R .
Pers - N TR
o
: Crigifims.y tased on a simultaneous 1ncrease of the horojasuese o.litlde end the .
R 3471, Ralsing tne homcpacse aititude wlill Je.oieans Tre Liglter oir
.- case the heavier goses LiKe alpori. iltiaer, en e N |
‘atn essentlelly unchanged. haleirg Lo . - e
i ‘
1 Jensitles 1n the upper trertouihlere Tal ol 1o Tre e tat ' }
J
. e lighter gases 15 Neutiassoed, . LA :
N Sepaeli0n al luwer aititudes U € LTty E
the CloelvallGns, !
1
'
i
UPPER
THERM OSPrERE
T
2 N,
T
TURBULENTLY
140 Km MIXED
LAYER
’;?:‘SO[ Fig. 4. Uersity perturtaticr
150 Km of a mincr gas (He) cuaased by
HOMOSFHERE a turbulerntly rixed  layer
above the hou~ipause region.
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LOG (DENSITY) LOG (DENSITY) Fig. 6. Density perturbation
VERTICAL of a minor gas (He) caused by
vewoary wind-induced deviations from

the diffusive equilibrium dis-
4& tribution.
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It has been argued that disturbance effects produced by homopause changes will take too
long {days) to propagate to higher altitudes. This problem does not arise if a transient
mixing layer is produced above the homopause region (Fig. 4). Strongly irregular heating
or the mixing action of breaking waves could be responsible for such a feature.

The second mechanism is based on the dynamics of the disturbance (Fig. S). Heat input in
the lower thermosphere produces an upward motion of gases. This upwelling lifts air rich in
heavier gases (like NZ) and poor in lighter gases (like He) to higher altitudes. A simul~
taneous expansion causes an effective depletion of the lighter gases (He), wherras the
major constituent (N_J) remains essentially unchanged (or remains moderately enhanced). At
the same time, the heavier gas components will remain strongly enhanced. Hays et al. /35/

suggest that this mechanism should be most effective during the initial phase and in the
central region of a disturbance,

The third mechanism is also based on the upward motion of hot air.
complete circulation cell of the Hadley-type is considered. Continuity within this system
requires that in the region of upwelling, where the horizontal divergence is small, the
particie flux of the major gas (assumed to be N_ in Fig. 6) is approximately constant with
height. Therefore the upward velocity has to increase in proportion to the decrease of the

This time, however, a

J;?;‘. “r

) major gas density. This increase in vertical velocity is much larger than would be required
o for a lighter gas (like helium) with a much larger scale height. Also, it is much smaller
?J than would be required for the flux preservation of a heavier gase like argon. Thus if a

v

LY IS

circulation cell is established
rinor gas,
helium

in the major gase and if this motion is impressed on the
this will lead to a depletion or enharicement of the minor gas. For example, more
is transported away by the large velocities at higher altitudes than is supplied by
the smaller velocities in the Jower alititude region. Indeed, if both gases were tightly
coupled through c¢ollisional interactions, the depletion of the lighter gases (and the
simultaneous increase of the heavier gases) would continue until both gases had the same
scale heights. This is, of course, counteracted by diffusion, which tries to reestablish
the original state cf equilibtrium. In the lower thermosphere, however, diffusive separation
is too slow to fully compensate for the wind effects. Accordingly, lighter gases are
depleted and heavier gases are enriched. This mechanism also predicts a reverse effect at
places where downward-directed winds close the circulation cell (see Section 3). The wind
effects are accompanied by temperature effects which increase all gas Jensities and which
dominate the atoiiic oxygen behavior at higher altitudes. The above mechanism__tas been
- thoroughly explored by Mayr and Volland (e.g. /36,37/). Similar results (elthdugh restrict-
ed to the one-dimensional case) have been obtained by Shimazaki /38/.
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f
B

o ._ther pcint of interest is the expansion of the disturbance effects: whereas the

o

Locaiiy producing neutral composition changes /36,37,40/. The second mechanism assumes that )
neLtral Complsition chunges are produced exclusively within the high latitude heating zone

are sutsequently transported convectively toward lower latitudes f{(e.g. /41,42/). The
~d mechanism postulates the excitation of large traveling atmospheric disturtances
! which are cCepelle of mixing the rneutral corposition down to a.ititudes where the
selovery ime Constent s of the corder cof nmary hours /4&Z/. Filnally, a fourtn rechanisr
soiaten the generztion ¢f cyclonic-tyre digturtances in the upper almospréere which carry a 1
strong epward-directed wind fieid towards lower latitudes, loceily producing the otserved =
JITpOD1lTiCn Changes (837, Agaln, these mechanisms ere Ly no meahs fulually excoudsive.

siwslpation of solar wind energy 15 essentially restricted to the high latitude region,

c.tlal  Composition Cclralges are also observed at middle latitudes. Thie reguires an ;
¢irective disturtance transport, and various mechanisms have been proposed to explain this A
;renoTenon  (see, e.g., Fig. 4 in /39/). Since molecular transfer 1is too slow, only e w
zynamical processes have been considered. The first mechanism is based on the excitation of ja |
;ianelaly scale standing waves with vertical wind fields extending to middie latitudes and 1; |

3. LIw=LATITULE EFFRECT

lutzide the corpoesition disturtance zone, storm effects consist of a moderate increase of
a.. ccnstituents. This 1s docurented in Fig. 7, which shows magnetic storm associlated

Srunges in the argon, mciecuiar nitrogen, atomlc oxygen, and helium densities observed at
LCw satitudes. All Cdata refer to a commen altitude of 290 km, and measurenents taxen prior
t¢ trhe disturbtance serve as a quiet-time reference. As is evident, all constituents show a
~¢3eraté 1ncrease, dbut of different magrnitude. In general, the density increase of argon is
surgest, foliceed by those of nitrogen, oxygen and helium. This suggests that a significant
rart of tre georagretic activity effect at low latitudes may be attributed to changes in
tie rneutral gas terperature. However, there are cases when non-thermal effects cannot be

Fig. 7. Thermospheric storm
effects at low latitudes.

The lower panel shows
changes in the argon (Ar),
molecular nitrogen

(N,
atomic oxygen (0) and hefi-
um (He) densities as a func-
tion of universal time. Mea-
surements taken one day ear-
lier (dotted 1lines) serve
as 8 Quiet-time reference.
The denaity values are aver-
ages  which refer to  the
$-10" S geographic letitude
range. They have been ad-
Justed to a common altitude
of 290 km. Solar local time
of cobservation is approxi-
mately 0:45. Different line-
ar scales have been used
for the four constituents
(E4=10" etc.). For compari-
son, the upper panel shows
the time variation of the
AE index during this distur-
bance event /4%/.
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regiected (especially for O and He) and even dominate the low-latitude

J Lehavior /agy,

~. Although less conspicuous, these effects may have important implications for theoreticy;

I considerations. They have been attributed to the downward-directed wind component g
planetary-scale circulation /36,37,40,46,47/, to the heating action of large-scale travel.

N 1ng atmospheric disturtances (e.g. /48-54/ and references therein), and to the cissipatiey

:‘: of ring current energy /55,56/.

) 4. TEMPORAL VARIATIONS

o Tre temporal development of thermospheric storms is essentially determined by the changing
intensity of the solar wind enevgy source. The sluggish respcnze of the therrosphere
somewhat smoothes tnls primary tise variation ard also leads to a prolonged recovery phase

iﬂ {'‘remory effect'). Additional temporal varijations are introduced localiy by changes in the

:‘4- spatial distritution of the energy 1injection and globally by the large-scale dynarmics of

;r trie thermospheére.

-

:’ Tre temporal association of magnetic and thermospheric perturbaticns has long been consid-

".". ered a key problem of the geomagnetic activity effect /57/. The reliatle determination of
this time sequence 1is not an easy task because a singie satellite cannot di-tinguish
tetween temporal and spatial changes, and both are usually contained in the data. According-

N ly, only upper bounds can be established. Add to this the difficulty of identifying related

5;: features 1n the magnetic and the thermospheric storm effects, Thus only & limited number of

ceses are available to study this important connection.

Figure B compares the temporal variation of the magnetic AE index and of the associated

changes in the N, density at high latitudes. The time resolution is 1 hour for the AE index
and 1 1/2 hours Por

the density data. As before, the N_ data have been adjusted to a common

aititude. This comparison shows that at high latitudes the time delay between the magnetic

; and thermospheric disturbance may be rather short and of the order of one hour {or less)
Somewhat larger time lags are expected and observed at low leatitudes (e.g. /21,45/). Here
time delays between (sub-) storm onset and thermospheric response are of the order of
4 hours (or less). This is illustrated in Fig. 9. Note that since the low-latitude response

carnct be expected to be uniform, different time lags may be observed at different loca-
tions!
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Fig. 9. Time delay between high-lati-
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24 6 12 18 tude magnetic activity and low-lati~
ur tude atmospheric perturbations. The
level of magnetic activity at high {
latitudes is indicated by the auror- |
Fig. 8. Time delay between magnetic activity al electrojet index (AE, left-hand
and thermospheric perturbations at high lati- scale). The associated atmospheric
tudes. The level of magnetic activity is indi- disturbance at low latitudes is docu- I
cated by the auroral electrojet index (AE, mented by changes in the molecular t
left-hand scde) The associated atmospheric nitrogen density (N right-hand
disturbance at 60° N magnetic latitude is indi- scale). The density values are aver-
cated

by changes in the molecular nitrogen
density (N2, right-hand scale). The densities
rave bteen adjusted to a common altitude of
280 km., Solar local time of observation was
approximately 0900 hours.
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ages which refer to the 5-10° 5 geo-
graphic latitude region. They have
been adjusted to a common altitude
of 290 km. Solar local time of obser-
vation is approximately 0:45 /45/.

.‘-

- - -'l .. .— -' .r A -
(.(‘A: -(‘..J.:-{u(‘hn.nd-fq? by

.-
-

‘.r;' AR
-"L'('L.‘fn.{n.fn.

e \ ~
A J._-mr- -mr.g B AN



o """"""wm_""w““mw
: B Sl tal Sk dad bl vod o

Ll Tl Sl LA A B a0 ohe us]

Thermosphenc Storms (10)23)

5. SYSTEMATIC VARIATIONS

to»:des 8 strong irregular component, certain systematic trends are observed in thermospher-
storm effects. Their documentation, however, is often difficult and tar from complete.
tre foliowing, four of the better known variations will be considered.

crunsesS _with magnetic activity. Changes in the level of magnetic activity affect thermo- I
gpneric perturtations 1in lwo ways: first, the amplitude of the temperature and density h
perturtatlion 1S related to the intensity of the magnetic disturbance. Ard cecondly, the :
entent of the compcsiticn disturbance zone increases with increasing Mmagrelic activity.
vagnetic activity, of course, is only a measure ol the intensity of the sclar wind encrygy
s.ssipatlon, Since any of the nuserous magnetic activity indices monitore this disalpatlon
rate, all of then are correiated with thermospheric perturbation effects. Fig. 10 1llus-
trates the dependence of the exospheric temperature increase in the polar region on three
¢f these indices for one particular data set. This figure also documents the direct
correlation of the temperature increase with solar wind conditions /%8/. A
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~ Fig. 10. Increase in the exospheric temperature as a function of magrnetic activity

and sciar wind conditions. The temperature has been inferred from molecular nitrogen
ressureTents ottained in the poiar heating oval during winter nighttime conditions.

L35
:' . The soiar wind corditions are described by the € paramneter /682/. The previous
& history of the magnetic and solar wind activity has been taken into account up 1o
»° 23 hours before the arttual temperature measurement using a simple algorithm (P =
3 f(P {t-t )) with P =ap, AE, DUst, and €, respectively, at time t prior to the
f,- terperature measJremernt at nmﬁo /98,61/). The temperature increase is measured in
".'_ Feivin, the ¢ parameter in 10 c.. C,, €,. C, and C_ are constants equal to
® 357 ¥, S, &nT, sirnT, and 30 GW, reapectxv"ely. The correiation coefficient s given
ﬁ in the upper left-hand corner.
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which of the many magnetic indices 1is actually best correleted with thermospheric setop
effects has not yet been established. Also, the form in which these indices are to be uyeq
ir modeling these effects is still & matter of intaition. Agreement exists on the fact thg
the thermosphere integrates the irregular energy injections, and also 'remembers' previoy,
perturbstions. Therefore, the history and development of the magnetic activity has to ye
taken into account (e.g. /59-61/).

Changes with location, The spatisl structure of thermospheric storm effects is primar{}y
deternined by their latitudinal variation. Here systematic differences between the high ang
Jow latitude region are evident and have been discussed in sections 2 and 3. In addition,
longitudinal variations are observed (e.g. /17,31,62,63/) and are documented in Fig. 13,
These changes are primarily due to the magnetic control of the solar wind energy dissi.
pation, and this control is al.lo0 impressed on the thermospheric response. Accordingly,
thermospheric storm effects are better ordered in a magnetic rather than in a geographic
courdinate system /64,65/.

DAYS Fig. 11. Longitudinal varia-

26 a7 tions of thermospheric stornm
effects. The lower part shows

154 At a comparison between the lon-~
gitudinal variation of the
/0 concentration ratio and
| tge longitudinal variation of
the invariant latitude along
[o] P a conatentogeographi(c )lati-
—N,/0 tude of 40  S. Time (UT) and

15k —A 40°5.280KM longitude (west) of the mea-
surements are indicated at
the top and bottom of the fig-
ure, The composition data
have been adjusted to a com-
mon altitude of 280 km, and
solar local time of observa-
tion 1s approximately 10:30
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L i i 1 1 1 1 1 hours. Using the AE index as
[} 180 [} 180 0 180 [} 180 [} 180 an indicator, the upper panel
LONGITUDE W shows the level of magnetic
activity during  the time

interval of interest /20/.
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0-12 SLT

fFig. 12. Temperature irncrease
at middle latitudes as a func-
tion of magnetic activity for
two different local tire sec-
tors. 4T* dernotes the maximum
temperature increave - as 1ndi-
cated by the upper enveiope of
the disturbance profiies - wver-
sged bLeteeen a® ard s Magret-
ic latitude. AL® denotes the
maximum 3-hourly averaged AE 1n-
dex. Open circies ard filied
triangles distinguish tetween
morning (0-12 SLT) and asfter-
noon/evening (12-24 S5LT) dets,

500+ 12-24 SLY

Pa g g

0 0.5 1.0 1.5 respectively. AlBo shown are
the corresponding reglession
AE® pt lines /68/.
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seanel longitudinal/unilversal time variations are also observed in e magnetic coordinate .
s.oter and are attrituted to the 1nfiuence solar radiation has on the disturtance '

Srphielogy .

sanpes with local time. Both the magritude and extent of the composition disturbance
s wend on local tire, und perturtations are found to be largest in the early morning sector
e 8. /4,15,20,66,67/). As an example, Fig. 12 illustrates that the maximum temperature
.nerease at riddle latitudes is significantly larger in the morning sector than in the
sTternoon/evening  sector. These findings are consistent with the 1dea that the major
cranafer of disturtance energy from the polar o the mid-lat.tude thermosphere takes place
c.ring the early morning hours (e.g. /e8-71/).

T

e .

Jronpes with sesgdn., Seasonal variations of thermospheric storm effects provide additional
evidence for the conpiex interplay of solar wind and solar radiation effects. Thig
intelplay leads tc an increased spreading of the disturbance effects toward lower latitudes
Surifig thé buTher beasch, especlaliy 1n the early morning sector /72/. Une consequence of
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= ° e Fig. 13. Temperature increase
2 oo PN . at middle latitudes as & func-
- . : i ; .
2 S . tion of magnetic activity for |
X st two differeat seasons. The :
w AL N incohe:ent scatter tempera-
¥ | oefe e ture measurements have been ‘
el {_ - ‘ grouped into half-year sea-
Lo ¢ SUMMER sons cepte}red on mzdsgmmer -
e . . WINTER (open circles) and midwinter Ez
| . (filled triangles) day and
| averaged into Ap bins of uni-
L ! i 1 " ty width after suppression of
Q 20 40 60 80 100 other geophysical variations
(adapted from , /3/). !
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this 1increaesed spreading are larger summer disturbance effects at middle lJatitudeg 173,
Figure 13 shows that these differences may be quite significant. Statistical studles Bly,
indicate that in the heating oval and for the 6ame level Of magnetic or buiar
activity, the temperature increase is larger in the suwmmer than in the winter hemxapbe"
(e.g. /58/). These findings are not at variance with observations that the relative g
density increase 1s larger in the winter hemisphere /61/. <

) 6. MODELING THERMOSPHERIC STORM EFFECTS

Presenit-day models (e.g. /64,74-79/ and references therein) can only atterpt to reproducy
the large-scale and average properties of a thermospheric storm. A more detulled dencrips
tion 15 impeded (1) by our incomplete understanding of this phenomenon; (2) by 1ts corplex
morphoiogy and (3) by its partly irregular behavior. Hence larger discrepanclies betweep N
nogdel predictions and actual measurements must be taken into account and have bLeen Obzerved
repeatedly., Fig. 14 serves to illustrate the magnitude and nature of these differences.

Based on changes in the N_/O density ratio, the latitudinal structure of the composition
disturbance zone is shown E%r two different storm events. In each case, the most disturbed
latitudingl profiles have been superimposed. This range of storm-time values 1s compared
with corresponding model predictions. The observed differences are sometimes quite large,
Triey may be explained by the irregularity of storm effects and also by the liritations of
rresent-day model algorithms.

Rt A S A

v

o

we conclude that during storm conditions, model predictions become less reliable. Whereas
the btasic features may be well-reproduced, a more detailed prediction 1s not yet possible.
Tnis also applies to the presently available theoretical models of thermospheric storms
(e.g. /80,81/).
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THERMOSPHERIC STORM EFFECTS

J. W. Slowey

Harvard-Smithsonian Center for Astrophysics, Cambridge MA 02138, U.S.A.

ABSTRACT

A briefl review is given of our current understanding of the atmospheric perturbations in the
thermosphere and exosphere that are related to geomagnetic disturbances and of current efforts to
represent these in empirical models of the upper atmosphere. A particular model, based on ESRO4 mass
spectrometer observations of neutral composition and density, is presented in detail. This model gives ‘
the effects on the principal constituents of the upper atmosphere as a function of the geomagnetic |
coordinates and the K, geomagnetic index. It is a modification of an earlier model, the most important
difference being the inclusion of the variation with magnetic local time.

INTRODUCTION

Significant hecating of the neutral upper atmosphere during large geomagnetic storms had long bcen
suspected from auroral and ionospheric research. The first direct evidence of such heating did not come
until the early years of the space age, however, when Jacchia /1,2/ was able to show a very clear
correlation between magnetic storms and sudden, short-lived, increases in the atmospheric drag on
artificial satellites. These early results showed globa! increases in atmospheric density at all heights in
the earth's upper atmosphere accessible to satellites.

Subsequent to Jacchia's initial discovery, satellite drag was used extensively to study the geomagnetic
variation in the thermosphere and exosphere. At first, it was thought that the exospheric temperature
increase that could be associated with the atmospheric disturbance varied more or less linearly with the
J-hourly o, geomagnetic index and that, as a consequence, only relatively large magnetic disturbances
could be detected in the drag on satellites. Analysis of the drag on the Explorer 17 satellite, however,
revealed small density variations /3/ that Jacchia and Slowey /4/ then found to also be present in the
densities derived from other satellites and to be correlated with small variations in geomagnetic activity
during what would otherwise be described as “quiet” conditions. Except for very large storms, the
associated increase in exospheric temperature was, in fact, shown to vary nearly linearly with the K,
geomagnetic index, the quasi-logarithmic equivalent of g,, so that detectable thermospheric effects could
be expected as a result of even the smallest magnetic perturbations. Slightly earlier, Jacchia and Slowey
/5/ had analyzed the drag on the high-inclination satellite Injun III and found the geomagnetic
variation to be substantially enhanced in the auroral zones and that the time lag between the
geomagnetic and atmospheric disturbances increased in going from high to low latitudes. These effects
were seen as cvidence of the transport of energy from high to low latitudes, as was later corroborated
by observations of winds /6,7/ and waves /8,9/ in the thermosphere. Later, Roemer /10/ analyzed
the drag on a number of satellites at heights between 250 and 800 km and was able to detect a
sinusoidal dependence of the geomagnetic variation on local time, with a maximum in the derived
exospheric temperature increase at 3 am that was systematically larger by a factor of 1.3 with respect to
a 3 pm minimum. Just such a dependence is confirmed by more recent measurements made by
satellite-borne gas analyzers and other instruments and can be seen to result both from the locations of
the high-latitude heat sources and the dynamic processes driven by them.

3

Concurrently with these studies, models of the geomagnetic variation were being developed. These
’,,-,_: consisted primarily of an expression for the increase in exospheric temperature associated with a
r e disturbance as a function of either the a, or the K, geomagnetic index. This temperature increase
:.:4 was to be added to the “quiet” exospheric temperature appropriate to the other prevailing conditions and
, v the sum used to determine the density at any height from the corresponding static diffusion model of the
r:: thermosphere. Implicit in this approach was the assumption that the temperature profile used to
oy (10)237
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generate the static model was not perturbed by the geomagnetic disturbance. This is clearly not the
case, of course, and additional “engineering” was later found to be necessary in order to adequately
represent the geomagnetic variation at lower heights. These extremely simple models were adequate at
greater heights, however, and the data then available were reasonably well represented by them. Such a
model /47 was recommended in the CIRA65 model and directly incorporated in Jacchia's highly
successful 1965 empirical models of the thermosphere /11/.

The development of models of the geomagnetic variation from satellite drag essentially culminated with
the niodel derived by Jacchia et al. /12/ in 1967. This model was incorporated without modification in
Jacchia's 1970 thermospheric models /13/. At about that time, however, significant new data from the
drag on low-altitude satellites became available /14,15,16/ that showed density variations related to
geomagnetic activity which could not be adequately represented by a variation in exospheric temperature
alone. Thus, when Jacchia published a revised version of his model a year later /17/, a hybrid formula
including both temperature and density components was introduced to represent the geomagnetic
variation at low heights. It was Jacchia's 1971 model, complete with this dual representation of the
geomegnetic variation, that was incorporated as the thermospheric part of the CIRA72 model.

The models derived entirely from atmospheric drag are still widely used, especially in connection with
problems relating to orbital dynamics. To show the simplicity of the model of the geomagnetic variation
of CIRA72 and to provide a basis for later comnparison, we will reproduce that model here. According to
CIRAT72, the geomagnetic variation at heights above 350 km is given entirely by the following expression
for the increase in exospheric temperature (equation (18} of CIRAT72):

AcT., = 28K, +0.03exp(K,)

where &, is the 3-hourly K, geomagnetic index at a time t - 1 and the time lag 7 is given as 6.7 hours.

At heights below 350 km, the density variations are represented by the expressions (equation (20} of
CIRAT2):

Aclog p = 0.012K, +1.2x10 *exp(XK,) (a)
AcT. = 14K, + 0.02exp(K, ) {b)

where K, is the same as in the first equation and the increase in total density is to be obtained by adding
the variation given by (a) to that corresponding to the exospheric temperature increase given by (b).
The computer code for the thermospheric models that was included in CIRA72 uses an interpolation
scheme to make a smooth but rather abrupt transition between the high-height and low - height versions
of the geop.agnetic model in the vicinity of 350 km.

THE NATURE OF THE VARIATION

The resolution provided by the satellite-drag method could only give a smoothed picture of a
phenormenon that is characterized by rapid changes and extreme spatial complexity. Time resolution as
short as 0.1 day has been achieved using .he most precise optical observations /18/, but a resolution of
0.20- 0.25 day during even the largest magnetic storms is more typical of the data from orbital analysis.
Since the drag effect cannot be resolved within a single revolution, the derived density necessarily also
fepresents an aversge over a fairly long arc in the vicinity of the satellite’s perigee.  Thus, while
the guotagnetic variation was expected to be complex in nature, the available data could only hint at
suiie of the major details of that complexity.

The first high-resolution weasurements of density and composition from satellite-borne accelerometers
19/ and gas analyzers /20/ becamne available at about the time that CIRA72 was published. Since
that time, large quantitics of data have bLeen added by nuruerous other wiissions bearing similar
instrunientation.  Prominent among these have, of course, been the Atmosphere Explorer and
Atmnousplere Dynamics series of instrumented satellites of NASA. These data have been used extensively
Loth to study individual disturbances and to derive more detailed empirical models of the geomagnetic
vaniation. The accelerometer data have, of course, been important because of their greatly improved
resolution as opposed to drag analysis. The gas-analyzer results have, however, been especially
irportant because they also provide data on composition. Large variations in composition have been
found to he a very significant feature of the geomagnetic variation in the thermosphere.

In Figure 1 we show a plot of molecular nitrogen density measured during a portion of one orbit of the
Atmosphere Explorer-C satellite by the OSS mass-spectrometer. The data were collected during a
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period of relatively high geomagnetic activity (1.5 hours earlier, K, was 6+) and when the satellite was in
a nearly circular orbit. Since the height varied so litile, it was safe to reduce them to a single height for
purposes of analysis and that is the way they are shown here. The abscissa is the time in minutes,
starting from an arbitrary zero point. The scale of the ordinate of the N, number density is not shown,
but it represents the change in the logarithm of the number density. The maximum density herc
corresponds to a change of 0.5 in log,o n(N;), an increase by a factor of more than 3 in number density,
relative to the density at the origin of the plot. The smooth curve at the top of the figure is the
{adiabalic invariant) geomagnetic latitude plotted on the scale at the left of the figure.

The strong dependence of the geomagnetic variation on geomagnetic latitude is well established and we
can see it in orbit after orbit of the AE-C and other satellite-borne mass spectrometer data, not only in
N, but in all constituents. Not all constituents behave the way N; does, however, and this is another
important aspect of the geomagnetic variation. The behavior of the lighter constituents, such as He, is

N just the opposite of that of Ny their number densities decrease where those of N; increase. And the
";’ density of atomic oxygen, which is of primary importance as far as total density is concerned throughout
n much of the thermosphere, may either increase, decrease or remain unchanged. In addition to a purely
C-} thermal effect, there is obviously another factor involved in which the molecular mass plays an important

role. The observed “signature” is, of course, not unique to any one particular process. It can be seen in
thermospheric gravity waves and would be expected as a result of vertical winds in the vicinity of the
homopause. Blum ef al. /21/ have also suggested a variation in the height of the homopause as a
mechanism that would produce such a result. The later process, whether or not it is physically realistic,
provides a very convenient device with which to model this aspect of the geomagnetic variation.
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in Figure 2, we show plots of Ar, N;, O, and He number densities as well as total density as measured
by the ESRO4 mass spectrometer during an interval of sustained geomagnetic disturbance. The data are
those for the points when the satellite crossed the 280 km level. There are two such crossings in each

' orbital revolution, one on the ascending branch and the other on the descending branch of the orbit, and
;\ the data are accordingly divided into two separate groups. The geumagnetic latitude, ¢y, of the
p:\' subsatellite point is also plotted for each group as is the K, index. The general dependence on
. geomnagnetic latitude is quite obvious in the figure. The geographic latitude of the subsatellite point
T changes very little during the interval shown, but the geomagnetic latitude oscillates on & daily basis due
FQ to the offset of the geomagnetic pole and the rotation of the earth under the satellite orbit. Those
o oscillations are clearly reflected in the data of the upper plot of the figure, where the 280-km crossings
e were in middle latitudes, but are much fess prominent in the lower plot, where the crossings were in very
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¥ig. 2. Varlations of four constituents at 280 km at middle and low latitudes as measured by
the ESRO4 mass spectrometer during an interval of sustained geomagnetic activity. The dots
are data points and the solid lines are values computed from the N; variations. ¢, is the
geomagnetic latitude and K, is the geomagnetic index. Note the regular 24-hour variations at
middle latitudes and their absence at low latitudes {from /22/).

low latitudes. The upper plot of the figure also illustrates the behavior of the different constituents
we've described above and demonstrates how a variation in the height of the homopause can be used to
represent that behavior. Il we assume the height of the homopause, zy4, to change in proportion to the ‘
change in exospheric temperature and compute the temperature variation from the N; density, which ‘
would be lttle aflected by a change in homopause height, the eflect on the other constituents can be
easily calculated. This was done for the data in the upper plot, taking dzy/dT = 53 m/°K, with the
resu.ts shown by the solid lines. In Figure 3, we again show data from the ESRO4 mass spectrometer as

o in Figure 2, but during an interval when there was an intense magnetic storm followed by a8 period of

- sustained geomagnetic activity. Here the major point of interest is in the lower plot, where the data are

" for low latitudes and the variations of all four species are in-phase and have comparable amplitudes.

~ This is typical of the data at low latitudes and is indicative of a different regime from that found in

'-:-' mitddle and high latitudes. Only occasionally is the behavior seen at higher latitudes observed near the
: equator, as it s around 22 and 23 February,

1973 in the lower plot of Figure 2.

‘. "

-

The atroospheric variations are not just dependent on the geomagnetic latitude, however. There are two
distinet maxima in the data of Figure 1 that represent separate regions of enhancement in the vicinity

of the aurcral oval. As that figure demonstrates, there s also an appreciable over-all asymmetry with
respect to geomagnetic latitude.
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Fig 3 Same as Figure 2, but at middle and low latitudes during an intense storm followed
by a period of sustained geomagretic activity.  Note the in-phase oscillations of all four
species in the low latitude region (from /22/).

LE>RO4 MODEL

Theie are, al present, theoretical models that are capable of representing the disturbed thermosphere in
great detail and with considerable precision, given the paratucters appropriate to the particular situation.
As a practical matter, however, the need for empirical models continues to exist and, since the theoretical
modeis are discusted elsewhiere in this issue, we will devote the remainder of the discussion here to
empirical models. Also, since there are really only two such models based on high-resolution data in
protuinent use and one of these is a part of the MSIS empirical thermospheric models that are likewise
d.scussed elsewhere, we have only one model left to discuss. That miodel is the one derived by Jacchia et
al. 2223/ from the ESKOA mass spectrometer data and that is incorporated in Jacchia's 1977 model
of the thermusphere 24/, Here, however, we will present a modified version of that mode] similar to
the one given recently by Siowey /25/. The modifications that will be introduced are as follows.

1) Include the most significant features of the variation with Jocal magnetic time. The original
mudel incudes only the mean variation with latitude.

L&
~

Allow the latitudinal form of the model to vary with the level of disturbance. The
latitudinal variation has been shown to broaden in high latitudes with increasing levels of
disturbance 26/, apparently due to the changing position of the polar cusp region /27/.

3} Allow for the prior heat input in establishing an index for the level of disturbance.
Theoretical calcalations /267 and seruiempirical modeling /29, both indicate that the
disturbance history over the preceding 5 days is probably significant.
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4) Allow for an increase in exospheric temperature at the equator. In the origir 3} model, 1,
eflect at the equator is Tepresented entirely in terms of an “equatorial wave” of density,
While it is clear that such a wave is a significant component of the low latitude response, j
is equally clear that a thermal compcnent can also exists in Jow latitudes.

The model of Jacchia et al. /23/ represents the density and composition changes that occur jp
essotiation with a geomagnetic disturtance by a Jocal increase in exospheric ternperature and
proportional increase in the height of the homopause. Superimposed on these two eflects is the
“equatorial wave” referred to above, in which the number densities of all constituents increase in the
samne proportion and that is centered on the equator. We will adopt the surue representation here and

model the change in the logarithm of the number density of the species 1 as the sum of three

Commponents:
Aclogn, = Arlogn + Aglogrn, + Alogn, (1)

where drlog n, is the thermal component, dx log n, is the compornent due to the change in the height of
the homopause and A,logn, is the component due to the equaturial wave.

“he thermal cornponent Arlog n, is to be evaluated fro.n an atinospheric mod. assuming an increase in
exospheric temperature AT, given by

BoTa = AF(6A) (2)
where A s the amplitude given by

A = 57.5K, [1+002Texp(04K, ) , (3)
as in the original model, and F{¢,)} is given by

F(¢,2) = ayi + agsin®é + cos’@lansin A + a;zcos A} +

(4)

5in2¢{ansin XA + 6;cos A) + sin*@sin2¢(ay5in A 4 65,05 A),
where ¢ and A are the geomagnetic latitude and local magnetic time, respectively.

To tahe the effects of the prior heat input into account, we assunie K, in equation (3) to be the weighted
mean of the lagged 3-hourly K, geornagnetic index tahen over the 41 values in the preceding 5-day
interval as follows:

S K e)e v
h"'(‘)= et e 00 (5)

tr
\“cdll. 4} -
e

&l 1 b
whete tis the time in days, ¢ = 1.0 d' and 71 is the time lag given by
7= 0.05+0.1cos’¢ (day) (6)

Ir. eqaation (4), the first two terms represent the mean latitudinal variation of the increase in exospheric
temprature. The reruaining three terms represent the variation of the temperature increase with local
wagnetic ume (LMT) in low, middle and high latitudes, respectively. To introduce a variation in the

mesn shape of the latitudinal variation with the level of disturbance that is consistent with observation,
we take noin equation (4) as

n=50-K,/30 (7)

A deterwination of the remaining parameters in equation (4) was made by a least squares fit to values
of the exospheric temperature increase inferred from N, measurements made by the ESRO4 mass
spectrometer.  Exospheric temperatures were obtained from N, densities by inverse interpolation in an
atmiospheric model. The temperature increase was taken Lo be the difference between the exospheric
tenperature correspording to the observed N, density and that corresponding to the density computed

for guiﬂ conditions from the ESRO4 “quiet time” model of von Zahn et al. /30/.
coefficients are

The resulting
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Qo = 1425 Qg3 = 8137
| a,, = 1184 a;n = '0360 (8)
% a; = -.0735 an = .1038
! ay = .3706 6y = -.1441 !

i
1n Figure 4, the isotherms of the relative temperature increase as given by equation (4) are plotted over T |
the globe in geomagnetic coordinates for the case where K, = 3 (n = 4). As can be seen, there is a [ I !

!
!
)

considerable asymmetry with respect to the pole. The maximum is between 6* and 9* at a latitude of o
siout B0 degrees.  This probably reflects both Joule heating by the westward auroral electrojet and !

jarticle precipitation in the cusp region. The extent of the as;mmetry can perhaps be better seen in
Igure 5, where the profiles for v+ wnd 18* LMT —near the extremes—are plotted together with the mean
wentudinal profile. Of course, the difference in high latitudes as seen by an orbiting object would tend to
Lo stuoothed out over intervals on the order of a day because of the earth’s rotation. This would not be
ti.e case in low latitudes, however, which explains how Roemer /10/ was able to detect the asymmetry
in densities determined from drag anaslysis.
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Jacchia /24/ has found that the response of the lower thermosphere to geomagnetic disturbance can be

represented by perturbing the temperature profiles of his static models by an amourt given by §
£t
E-‘_": 46T (z)= AT, tanhfc(z - 2], {9) ] §
h.‘:--
"o where ¢ = 0.000 and z, = 90 km. The disturbed temperature profiles defined by equation (9) yield il
:::':. species densities that are in good agreement with observations at heights as low as 150 km. To apply b
VT equation (9) directly, however, requires that the diffusion equation be integrated from the lower boundary g 3
e

" of the thermospheric models to the height i question. Fortunately, analytical expressions can be
derived {rom the results of numerical integration of the disturbed profiles from which 47rlog n,, including

[]
Pl

. the effect of equation {(9), can be computed. Jacchia /31/ has, in fact, derived the following analytic ‘
-:-:- expression for use with the model: .
j{'j Arlogn, = ,9,(%’—?) f(2)sinh"}{0.003 44T..), (10 ‘
l.' + T
! 0.29
Sl 000675 000636<100> = - (11)
z
1+ l.7(m - 1.27) <0 3322100>

o m = 1.7tanh{0.005(z - 100}}. (12)
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The values of the B, for the individual constituents are as follows:

B(Ar)=1.50 B(0) = 0.52
B(0y) = 1.16 B(N)=0.46 (13)
B(N2) = 1.00 B(He)=0.10.

T2 in equation (10) denotes the “quiet” value of T..

The component due to the change in the height of the homopause can be computed as in the original

A LA -' -4‘.._-’{
ﬁm d: LA NN

Aldogn, = A,)ogp = 5.2x10°* Acos’q&,‘

.\"\\

-fv.

where p is the total density and A is given by equation (3).
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model:
Aglogn, = a;Azg, (14)
where Azy (meters) is obtained from
Azy = 5.02x10%inh (0.01 4,T..), (1s)
with AcT. given by equation (2), and the a's are:
a(Ar)= +3.07x10"* (mks)
a{0;)= +1.03x10"* (mks)
a(N;)= 00 (16)
a(0)= -4.85x10* (mks)
a{He)= -6.30x10"*  (mks).

Finally, the component due to the equatorial wave is computed as in the original model, but with the
smaller exponent in the latitudinal response determine by Slowey /32/, by the expression

(17)
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CHANGES IN THERMOSPHERIC DENSITY
CAUSED BY TURBULENCE VARIATIONS

P. Blum and G. W. Prolss

Instiwat fur Astrophysik und Extraterrestrische Forschung, Universitat Bonn, Auf
dem Hugel 71, D-5300 Bonn 1, F.R.G.

ABSTRACT

explained either by
in the turbulence

Seasonal and geomagnetic density variations in the thermosphere can be
a system of thermally driven winds or, equally well, by changes
structure, Observations show that both processes take place, but their relative importance
has not yet been established. In this paper, a model incorporating both mechanisms 1s
presented. Whereas seasonal changes may be generated by changes in the turbopause height,
geomagnetic perturbations may be associated with a turbulent layer above the homopause
region.

INTRODUCTION

in the winter hemisphere the
while heavier gases, like

In the summer hemisphere,
incorporated into aill

Observations of thermospheric densities have shown that
relative density of lighter gases, like helium, is increased,
argon, are depleted as compared to the yearly average densities.
the opposite situation is found. These observations have been
empirical models of the thermosphere.

A situation 1iike in the summer hemisphere also exists during increased geomagnetic
activity: the relative density of light gases decreases, while the density of heavier
constituents increases, These changes are observed not only in the polar regions, where the
energy is injected into the thermosphere, but also at subauroral latitudes.

A theoretical explanation of these observations is derived from the diffusion equation. For
a binary pgas mixture consisting of a major and a minor component, the difference between
the vertical transport velocities is given approximately by /e.g. 1/

. 14T
AW = — ¢ ‘“*GT)TH]

n

with

density of minor constituent
temperature

scale height of minor constituent

H, = homospheric scale height of gas mixture

diffusion coefficient

o
it

=x
"

eddy diffusion coefficient

a.,. = thermal diffusion coefficient

T

This equation can be solved for the vertical distribution of the minor constituent n{(z). A
qualitative discussion of the result ls facilitated by introducing a sharp boundary ~ the
turbopause - between the region where turbulent mixing is perfect (homosphere, D=0) and the
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s region where molecular diffusion ie perfect (heterosphere, K=C). Neglecting thermal
sion effects and integrating stepwise from & iower boundaly z,
and from there to some higher altitude z, we obtain

aifr,.
to the turtupause height 1
-

zT z z
n{z) = n(z )-I;L)exp— 9——1-* d—z + ﬂdz (2 |
o’ T(z) i, H K+D )
z L z

As can be seen, the vertical density profile of a minor species 1s delermined by tie
density at a certain base level z_, by the temperature profile, by the moleculer and eddy
diffusion coefficients D and K, by the turbopause height L and bv the relative veliocity
difference between the minor constituent and the main gas,

both the density at z_ and the temperature profile need not be considered here as they are

assured to be known. Their contribution to the observed seasonal changes is clear and
regulires no further explanation.

Seasonal changes of the density above those caused by temperature variations therefore can
be explained only by changes in the turbopause height 2z, (Fig. 1) and the associated
changes in the diffusion coefficients or by changes ‘n ‘the diffusion velocity heignt
profile. In particular, it should be pointed out that the horizontal wind motion does not
directly influence the vertical distribution of a species. The effect a horizontal wing
system has on the vertical density profile is only indirect. It is governed by the equation

of continuity, which connects the divergences of the horizontal and vertical motions. This
indirect effect may be considerable. I

In the following, models of the seasonal or magnetic-activity-associated thermospheric

density changes based on turbopause height variations or turbulent layers will be called
"turbulence models", models based on global wind systems "wind models".

SEASONAL VARIATIONS

It has been suggested /e.g. 2/ that the seasonal variation of the thermospheric density_is
caused by a seasonal change in the turbopause height. While models based on this assumption
provide en explanation for the characteristic changes observed, they also suffer from some
shortcomings. These deficiencies may be summarized as follows:

(1) The required changes in the turbopause height appear to be rather large (up to 2.5
scale heights).

(2) The observations presently avajlable /e.g. 3,4,5,6/ do not provide a firm basis for the
postulated turbopause height variations.

(3} Competing mechanisms (like wind-induced diffusion) are neglected.
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a.terbate  expaancetion  for the observed seasonal variations 1s offered by giotal
Leaticn models ey, 7,8,9/. Trius explanation 15 based on the divergence of horizontau '

$ouystets ond the absullated vertical diffusion effects. These models also suffer fros
e idtiluatlies
Trree-dimenslonas Caifuistions of thermospheric wind cells pose serious computational ]
Citlivultles which may atfect the validity of the resuylts obtained. Also, many of the
required ILpul peramelers are not well known at the present.
Foroe otoervativhal supjort for the predicted and required wind system is not yet
svaisat.e, especialliy 1N the all important height region below, say, 200 km /fe.g. 10/.
Arn was the case tor the turbulence nodels, competing mecharnisms {like turbopause helght
Jtatges] ale negaected, '

crerceme rome Of these difficulities, a new modes has been constructed which considers :
% seastlai charges 1ntruduced by turbcpause helgntl varsations and seasonal changes ( |
Lotd Ty g.Obal eind circuistion /11,1270 In this "wind-turbulence' model, the respeciive L
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(10)2%0

srasonal varlations of the turbopause height are assumed, &nd the wind bsysten, which g
addition s required to explain the observations, is calculated. The advonitoges o6 thyg
fudel as compared to the previous ones are the following:

(1) both serasonal changes in turbulence and in the global wind system, whicih are certsin to
exist, are inciudea in the model.

(o) The required height variation of the turbopause is much smaller than 1n the pure
turtusence models.

{(2) Even a turbulence lower in summer than in winter could be accommodated ty the model. 1t
would regquire a stronger wind system than is presently predicted by the wind nodels.

J1 course, this model cannot establish the relative importance of the two [rocesses
considered. This would require conclusive observationsl evidence on e;thier the nagnitude of
the wind system or the maynitude of the turbulence variastion., However, 1t does indiCate
wrach contafation of the two is compatible with the data.

A detailed discussion of the wind-turbulence model of the thermosphere has been presented
Ly Schucherdt /1s/. The principal processes underlying the wind-turbulence rodei are shown
in Fig. 2. It is assumed that the horizontal wind system in the height region tetaten 100
and 150 km transports a mixture of gases present at these heights. This horizontali flow
takes place from tne summer to the winter pole. A vertical transport of gases at tiigh
latitudes and a return flow at altitudes lower than the turbopause closes the circult,
while it is wassumed that ih2 horizontal velocities of all constituents are cqual, this
cannot be the case for the wvertical velocities, because above the turbopause the dens.ty
ratios of the constituents are height-dependent. A downward excess velocity at the winter
pole is caiculated for helium. According to equation (2), this means a higher helium

300 :
[
]
| S HN = 185 km, SH =3 :: :
= - 1
11 : HN = 145 km, SH 2 b
[
| 8% HN = 95 km, SN =1 ‘,
!
i
i
— [
E !
= '
.~ 200 - :
5 /
3 I}
x l
/
1
100
1 mm lcm 1om Im
VERTICAL VELOCITY
Fig. 3 Height profiles of the vertical velocity used in the wind-turbulence
model. H . (wind scale height) and S (form factor) are parameters which

determine the profile shape. Velocity profiles inferred from theoretical
considerations by Johnson and Gottlieb ((J+G, /14/) and Reber and Hays (h+H,
/15/) are indicated by dashed lines.
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dersity than for the diffusive equilibrium situation obtained from equation (2) by BSouminy
LW = Q0. The turbopause acts like a barrier to this dynamic process and causes the d)ffem,,‘
velocities of the various constituents to become equal below the turbopause.

Together with this dynamic process, there exists a periodic seasonal up and down rovemeny
cf the turbcopause, Both processes are responsible for the etrong increase of the helium
densities in winter and the correlated decrease of the argon densities. Of course, the
model c¢ritically depends on the height profile of the vertical diffusion velocities of the
minor constituents. In the wind-turbulence model, no attempt has been
these helght profiles, as they depend on various parameters whcse accuracy is not wel)
known. To overcome this difficulty, a parametric approach has teen chosen, arnd severgl
modeis for the height profile of the diffusion velocities have been assumed. This procedure
1s  really not 1less reliable than calculating these velocities, except that in the
paranetric approach the assunptions made are more evident than in theoretical models, where
the diffusion velocities are calculated, but the unknown fauctors are not really eliminated.
In Fig. 3, three models for the vertical diffusion velocities are shown and corpared to
theoretical estimates by Johnson and Gottlieb /14/ and Reber and Hays /15/.

made 10 calculate

Results of the wind-turbulence model are presented in Fig., 4 and are compared 1o seasonal
winds as proposed in various theoretical models. The figure shows the combination of
turbopause height variation and wind system necessary to explain the observed seasonal
density changes of heiium and argon. The required ampiltudes of the meridional winds at 300
and 130 km and of the vertical wind at 130 km are given by the curves. The conditions are
representative for the winter solstice. The turbopause models would correspond to points on
the curves with a zero wind amplitude, while the wind models are represented by the
tiorizontal line corresponding to a vanishing winter-summer turbopause height difference.
kesuits for winds obtained by four +theoretical models have been marked on the curves.
Uuservations of meridional daily winds at 300 km are also shown in the figure to indicate
«hich combinations of winds and turbulence would have some observational support.

GEOMAGNETIC ACTIVITY EFFECT

Increased turbulence

may also play an important role during thermospheric storms. For
example,

at middle latitudes significant composition changes are maintained for extended
periods of time and presumably long after the actual disturbance process has ceased to
operate /16/. A possible explanation for this long recovery phase are deviations from
diffusive equilibrium in the lower thermosphere generated by increased turbulence. This
increased turbulence is not necessarily associated with changes in the turbopause height,
but may occur in a transient layer above the homopause region. The effect such s layer wilil
have on the upper thermuspheric composition is illustrated

in Fig. 5 for the minor
constituent helium. If temperature effects are included, these effects would be consistent
with the observations /17/.

Thereby, it is not important whether the mixing initially took place in a restricted
aititude region or in the whole upper thermosphere. What is essential is that the mixing
extended to the lower thermosphere where the recovery-time constants are large. Whereas the
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upper thermosphere will always quickly return to a diffusive equilibrium situation (y.<lh
ot %7 km altitude), the lower thermosphere will remain disturbed (1D>6h at 148 km
s.titude).

Trnere are several possibilities how this initial mixing could have been affected. For
exampie, dissipation of large-scale traveling atmospheric disturbances (TADs) may thorough-
ly mix the upper atmosphere /18/. Also, convective transport from high to middle latitudes
ray contribute to the observed mid-latitude perturbation. This latter mechanism, however,
1o not supported by numerical simulations /19/.

CONCLUSION i

In rmost of the recentiy published theoretical models of the seasonal and storm-time 1t
variations of the thermosphere, the observations have been explained by global wind celis )
and & resulting wind-induced diffusion. Variatiens of turbulence as an additional cause ! ot
rave been excluded. The authors suggest that presently avallabtle observations of turbuience -
and winds are not sufficient to justify such an approach to thermospheric modeliing. Botn

tdaroulence variations and dynamic processes exist side by side. Most probably, both piay a

role in thermospheric behavior and should be included in the models.
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